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ABSTRACT 

Background: The etiology of dental root surface resorption associated with orthodontic 

tooth movement is not fully understood. However, under normal circumstances, the 

cementum layer covering the dental root surfaces provides a protective barrier against 

resorption. 

Objective: To investigate the effect of cementum layer remodeling, induced either by 

cyclosporine A (CsA) or by low-level laser therapy (LLLT), on the amount of root 

resorption caused by orthodontic tooth movement. 

Methods: Two different animal experiments were performed. The first experiment lasted 

two weeks and used three groups of female Sprague-Dawley (SD) rats as follows: six rats 

received daily 10mg/kg CsA subcutaneous injections; six rats received daily LLLT 

treatment delivered by gallium-aluminum-arsenide (GaAlAs) laser at an 830nm 

wavelength; and six rats received no treatment (control). In vivo micro-computed 

tomography (micro-CT) was used to analyze volumetric changes in the root hard tissue. 

The cementum thickness was also evaluated histologically. A follow-up split-mouth 

study was performed using nine female SD rats. The right side maxillary first molars 

received daily LLLT treatment using the same laser exposures as in the previous 

experiment for two weeks. The left side was not treated and served as the control. 

Immediately after LLLT treatment, orthodontic appliances were placed bilaterally to 

move the right and left molars mesially over four weeks. Ex vivo micro-CT was used to 

evaluate the volume of root resorption. The extent and severity of root resorption were 

then assessed histologically. 
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Results: In the first experiment, the cementum was significantly thicker (P=0.019) over 

the root surfaces in the LLLT group compared with the control and CsA groups. The 

follow-up experiment showed significantly less (P=0.028) root resorption volume due to 

tooth movement on the LLLT side compared with the control side. This protective effect 

against root resorption was more, on average, on the root surfaces that showed more 

cementum growth in response to our LLLT treatment. 

Conclusion: Our LLLT treatment significantly increased the thickness of dental root 

cementum in rats. Moreover, remodeling of the rats’ dental root surfaces using our LLLT 

treatment resulted in a significant decrease in the volume of root surface resorption 

following application of orthodontic force. 
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1 INTRODUCTION 

Dental root external surface resorption is a common deleterious result of 

orthodontic tooth movement that can cause tooth mobility or even tooth loss. The 

pathology behind this negative side effect is partially unknown. However, based 

on several reports from the literature, we propose that tooth root surface 

remodeling by inducing new cementum formation might be an important 

preventive factor that influences the onset and the progression of orthodontically 

induced tooth root resorption (OITRR). If our hypothesis were correct, it would 

be a novel discovery. This study will help to provide a better understanding of the 

relationship between the remodeling activities of dental root cementum and the 

pathological consequences of OITRR. This could be an important contribution 

toward reducing one of the most potentially negative side effects in orthodontic 

treatment. 

 

We hypothesize that the systemic administration of cyclosporine A (CsA) or the 

local application of low-level laser therapy (LLLT), will induce new cementum 

formation in sound rat tooth root surfaces and subsequently prevent OITRR. 

Although extrapolation from animal studies to humans is not directly feasible or 

completely accurate, our experiments can provide good insights as to possible 

mechanisms that may also work well in humans. 
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2 LITERATURE REVIEW  

2.1 Orthodontically Induced Tooth Root Resorption 

2.1.1 Prevalence and Complication of OITRR 

Root resorption is a general term used to describe the physiological or 

pathological process resulting in structural loss of dental root cementum and/or 

dentin. In OITRR, the destructive processes affect the external surfaces of dental 

root, as a consequence of orthodontic tooth movement. It was first related to 

orthodontic treatment during the beginning of the last century and has become one 

of the major topics of orthodontic research since then (1). 

 

OITRR is a common phenomenon. The frequency of teeth showing some grades 

of OITRR is quite high. All orthodontically moved teeth in both dental arches are 

susceptible to OITRR because of the fact that even a light orthodontic force can 

produce a considerable amount of root resorption due to the relatively long 

duration of conventional orthodontic treatment (2). The maxillary anterior teeth 

are the most common sites for OITRR and the worst resorption is often seen in 

maxillary lateral incisors and in teeth with abnormal root shape (3, 4). 

 

Intra-oral radiographs do not accurately detect early stages and certain aspects of 

OITRR, in comparison to the more precise histological evaluation. For this 

reason, it is difficult to accurately assess the incidence, “number of new cases” 

and prevalence, “number of existing cases in a certain population”, of OITRR (5). 

However, in a prevalence study, it was shown that the frequency of incisors 



 

 3 

showing some grades of root resorption increased from 15% before orthodontic 

treatment to 73% after treatment. The percentage of teeth with moderate root 

resorption increased from 1% before orthodontic treatment to 25% after treatment. 

Severe root structural loss (resorption beyond one third of root length) was a rare 

event with one instance before orthodontic treatment and 13 sites (2%) after 

treatment (6). Another prevalence study showed that one third of orthodontically 

treated individuals experienced more than 3mm of root resorption and only 5% 

had more than 5mm of root resorption (7). 

 

The major effects of severe OITRR are related to an impaired tooth crown/root 

ratio that can result in morbidity that ranges from mild tooth mobility to tooth 

loss, if the remaining total root length is less or equal to 9 mm (8). Teeth with 

OITRR are asymptomatic and the pulp usually vital unless the pressure of the 

force reaches a high enough level to clinically compromise the tooth blood supply 

in the apical area (9). 

 

2.1.2 Risk Factors of OITRR 

The onset and progression of OITRR are associated with many different risk 

factors that are related to orthodontic tooth movement. These factors include: the 

magnitude of the dental root displacement, treatment duration (10), magnitude of 

the applied force (10, 11), direction of the applied force (12, 13), method of force 

application (continuous or intermittent) (13, 14), age (15), root morphology (16-18) 

and/or genetic factors (19). 
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Many different studies of the effect of orthodontic treatment-related factors on 

degree of pathology have suggested that root resorption is correlated with total 

root displacement, treatment duration and magnitude of orthodontic force (4, 10, 

20). A greater degree of root resorption is directly related with the longer duration 

of teeth movement and also with the higher magnitude of applied orthodontic 

force (21). 

 

The direction and method of force application are other treatment-related factors 

that influence the degree of OITRR. In orthodontics, torquing movement 

describes the root movement either buccally or lingually, whereas crown tipping 

describes the tooth crown tipping movement either mesially or distally. Torquing 

movements of the maxillary incisors root lingually are strongly correlated with the 

occurrence of OITRR. Intrusive tooth movements also cause higher degree of root 

resorption as they concentrate the pressure to a small area on the apex (12, 13, 22). 

In combination, intrusive movement and lingual root torque could be the major 

causes of OITRR in maxillary anterior teeth (12). On the other hand, bodily 

movements (i.e. translation), extrusion and crown tipping are associated with a 

lower risk of OITRR because the stress is distributed along a wide area on the root 

(12). Intermittent orthodontic force results in a lesser degree of root resorption than 

a continuous force application since the rest period in treatment with intermittent 

force could allow the traumatized cementum to heal and thus prevent further 

resorption (13, 14). 
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Other studies have been done to illustrate certain patient-related risk factors that 

may cause or facilitate OITRR. These groups of factors include: patient age, root 

morphology and genetic predisposition. Patients treated early, before 11 years of 

age, are found to have less OITRR than those who are treated later (15). Root 

morphology affects the stress distribution of orthodontic force. More stress 

concentrations are related to roots with short, bent and pipette shaped (markedly 

tapered at apical end), which lead to increased vulnerability of these sites to 

OITRR (16, 17, 23). 

 

Stress is generally concentrated at the compressed root side following the 

application of orthodontic force.  Therefore, any decrease in catabolic remodeling 

rate (turnover rate) that should happen at the cortical surface of the alveolar bone 

opposing the dental root during tooth movement may result in greater stress 

concentration at the root surface that could facilitate the process of OITRR. 

Genetic factors are found to be responsible for the variation in catabolic bone 

remodeling rate (turnover rate) among orthodontic patients, which may account 

for the variation in OITRR severity among different populations (19). 

 

Finally, it is important to emphasize that none of the aforementioned studies had 

claimed that OITRR is caused directly or exclusively by only one of the 

previously discussed risk factors. Some authors believe that other etiological key 

factors have yet to be identified (5, 24).  
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2.1.3 Histopathology and Pathogenesis of OITRR 

Three different degrees of OITRR severity are described histologically based on 

the extent of the injury and the subsequence prognosis of this resorption process 

(24). Surface resorption, involving only the outer layer of cementum, is fully 

regenerated or remodeled once the pressure caused by orthodontic force has been 

removed. Deep resorption, involving the cementum and the outer layers of dentin, 

is usually repaired with cementum material to restore the root shape and function. 

Root shortening is an irreversible form of OITRR resulting from a total 

destruction of the hard tissue component of the root apex. No regeneration is 

possible when the root loses the dentin layer beneath the cementum (24). 

      

The detailed pathological events that influence the onset and the progression of 

the OITRR are not completely known. However, the process of root resorption 

requires two major etiological factors: a mechanical injury to the dental root 

protective tissues and a persistent inflammatory stimulation caused by the 

continuous orthodontic pressure (9). The pressure caused by orthodontic force 

could directly lead to mechanical damage of the protective layer that covers the 

dental root, which consists of cementum and the non-mineralized tissues covering 

the external surface of the root (precementum). Thereafter, multinucleated cells, 

odontoclasts, colonize the exposed root tissue and initiate the process of root 

resorption (9). At this stage, the resorption process will end spontaneously once 

the pressure caused by orthodontic force has been removed. Repair of root surface 
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will start after that with new cementum tissue formed during the following 2-3 

weeks (9). 

 

 

Figure 1: the histopathology of root resorption induced by orthodontic tooth movement. 

Photomicrograph (25) of the hyalinized zone (H) between alveolar bone (B) and root 

surface (T). Large black arrow represents the direction of tooth movement. Open arrow 

shows alveolar bone resorption; small arrows indicate thin line of bone between the 

resorbed bone and hyalinized tissue. Root resorption lacunae (R), mono and multi-

nucleated cells (arrow heads) at the periphery of the hyalinized tissue. 

 

A long lasting pressure produced by orthodontic force during tooth movement 

disturbs the blood supply in the periodontal ligament (PDL) that surround root, 

resulting in an ischemic necrosis next to the compressed root surface (24, 26). The 

sterile necrotic tissue then triggers biochemical signals that activate macrophage-

like and multinucleated cells to eliminate necrotic tissues. This process of 
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eliminating necrotic tissues starts at the periphery of the hyaline zone (Figure 1) 

(25). The elimination process itself can extend to the adjacent cementum layer and, 

therefore, exposing the root surface (24, 26). Later, multinucleated cells migrate 

and settle in resorption lacunae at the surface of the unprotected root. The 

initiation of the resorption process increases the root surface area in order to 

decrease the pressure exerted through force application (24). 

 

Mononucleated cells are found to be the initial cells involved in the necrotic tissue 

elimination phase (25). These initial cells stained negatively for tartrate resistant 

acid phosphatase (TRAP) which indicate that these cells are non-osteoclastic 

lineage, and resemble macrophages or fibroblasts, because osteoclast-like cells 

and their precursors stained positively for TRAP (27). At a later stage, the bulk of 

necrotic periodontal ligament (PDL) tissue and the adjacent root cementum layers 

are removed by giant multinucleated TRAP-positive cells without a ruffled 

border, as well as mononucleated macrophage-like cells (25-28). After that, 

multinucleated TRAP-positive cells with ruffled borders (also called odontoclasts) 

colonize the exposed root surface and also could be found in the deeper root 

resorption lacunae (25-28). TRAP-positive enzymatic reaction was also seen 

penetrating the dentinal tubules (28). These findings indicate that TRAP-positive 

cells, which derive from mononucleated phagocytic system, are important in the 

removal of the necrotic tissue as well as in the resorption of the root surface (25, 

26). 
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Local biochemical mediators generate complex inflammatory interactions, which 

follow the application of orthodontic force. The biological remodeling activities, 

of the connective tissues surrounding the dental root, respond markedly to the 

increase in the expression of the proinflammatory cytokines, such as IL-1β, IL-6, 

IL-1α and TNF-α, that occur during tooth movement (29, 30). Orthodontic pressure 

was also found to increase the expression level of CD40 (a cell surface receptor 

that belongs to the tumor necrosis receptor family (TNF-R)) in the compressed 

periodontal ligament tissues, and thus facilitates the interaction with its counter-

receptor, the CD40L. These interactions activate T-cells to produce inflammatory 

reactions that could facilitate the process of root resorption (31). 

 

Repair processes of OITRR take place at the resorption lacunae in order to restore 

the integrity of the root surface as well as the functional relation with the adjacent 

periodontal membrane. It seems that the repair process of OITRR is similar to the 

cementogenesis process occurring during tooth development (32). The repair 

process is started early with invasion of fibroblast-like cells from the surrounding 

periodontal connective tissues into the periphery of the resorption lacuna, in the 

same time that active resorption by multinucleated cell (odontoclast) is taking 

place in the central part of the lacuna (32). Once the orthodontic force stops, new 

cementum is deposited and the structure of a new periodontal ligament (PDL) is 

re-established (32, 33). Initial attachment of PDL fibrils to the exposed dentinal and 

cemental collagen seems to be mediated by deposition of small amount of fibrillar 

cementum (32). 
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2.1.4 Diagnosis and Management Strategies of OITRR 

The prevention of severe OITRR is essential toward achieving the desirable 

outcomes in contemporary orthodontics. Tooth mobility or even tooth loss is a 

clinical sign of severe OITRR when the remaining total root length is 9mm or less 

(8). It is important to use precautionary measures when treating patients exhibiting 

predisposing factors to OITRR such as abnormal root shape, dental anomalies, 

long roots, proximity of the root to the cortical plates or history of dental trauma 

(4, 34). Although there is no safe orthodontic force for teeth at higher risk 

regarding the susceptibility to OITRR, it is still recommended not to use high 

force levels (4, 35). Intermittent force and longer intervals between activations are 

also strongly recommended (35). Moreover, the duration of the treatment has to be 

shorter than usual. On the other hand, the aforementioned precautions should to 

be taken in consideration with regular patients undergoing an orthodontic 

treatment that is going to be longer than usual (4, 10, 34). 

 

It is important to monitor teeth at risk for severe OITRR more often if the teeth 

exhibit early signs of root resorption (17). The standard method that is currently 

used to detect root resorption during orthodontic treatment is conventional intra-

oral radiographs. However, it is not sufficiently sensitive to detect early stages of 

OITRR. It was found that periapical radiographs could not detect OITRR that 

otherwise could be verified histologically within the first 7 weeks of orthodontic 
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treatment. Moreover, it is difficult to detect resorption on the lingual and buccal 

surfaces of the roots by using the conventional intra-oral radiographs (1, 17). 

 

The current accepted standard procedure to monitor OITRR is a periapical 

radiographic examination starting after 6 months of active fixed appliance 

treatment. However, for teeth at higher risk of severe resorption, a 3 month 

radiographic follow-up is recommended (17, 18). Once identifying teeth at higher 

risk of severe resorption by detecting an early sign of OITRR, the early mentioned 

precautions should be followed which could necessitate the interruption of the 

active treatment temporarily for 2 to 3 months by using passive archwires (35, 36). 

Moreover, when severe resorption is identified, the active treatment should stop 

and a modification of the treatment plan should be discussed with the patient by 

offering alternative options with minimal intervention such as prosthetic solutions 

to close spaces, interdental proximal reduction (IPR) instead of extraction, and 

early fixation of resorbed teeth should be attempted (35). 

 

Root resorption does not usually progress after appliance removal. Therefore, 

interruption of active treatment is required to terminate the destructive process 

and allow cementum repair (17). The repair processes could start early during the 

first week of retention (37). However, the rate of the repair process increase during 

the first 4 weeks after the termination of the orthodontic force, and then slows 

down and reaches a steady phase for the following 5-6 weeks (1). However, if 

severe OITRR does progress after the appliance removal, sequential root canal 
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therapy with calcium hydroxide might offer some protection (35). Filling the root 

canal with gutta-percha as a final step should be delayed until root resorption 

completely stops (11). 

 

2.1.5 Effect of Several Pharmacological Agents on OITRR 

Several distinct drugs are being used as adjunct to orthodontic tooth movement in 

order to control pain and/or infections that could occur during the course of 

treatment. On the other hand, it is common to find a patient receiving a 

medication, for the prevention or treatment of various diseases, during orthodontic 

treatment (38). On that basis, many studies have examined the modifying effect of 

several pharmacological agents on OITRR. 

 

Thyroid hormone (TH) administration at low doses seems to provide a protective 

role for the root surface during orthodontic treatment by decreasing the frequency 

and dimensions of OITRR without altering the rate of tooth movement nor 

reducing bone density (39-41). This protective effect was explained anecdotally by 

the ability of TH to increase the resistance of the cementum layer against 

resorption (41). 

 

Systemic administration of tetracyclines, doxycycline at sub-antimicrobial dosage 

significantly decreased OITRR without altering the rate of tooth movement (42). 

This protective effect of doxycycline was explained by the ability of tetracyclines 

to exert an anti-inflammatory effect by inhibiting the activity of 
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metalloproteinases, such as collagenase and gelatinase, which in turn can prevent 

collagenolysis which is an essential step in the pathogenesis of periodontal disease 

(42, 43). The anti-inflammatory effect of tetracyclines can be demonstrated also by 

inhibiting the production of some pro-inflammatory cytokines (44). 

 

Non-steroidal anti-inflammatory drugs (NSAID) are sometimes prescribed for 

pain control that usually accompanies an orthodontic treatment. Nabumetone was 

shown to be useful in reducing OITRR without interfering with the rate of 

orthodontic tooth movement (45). Another NSAID, Celebrex also offers a slight 

protection against OITRR without impeding the rate of tooth movement (46). 

 

Bisphosphonates are potent blockers of bone resorption that are characterized by 

their high affinity for calcified tissues. Six different types are commercially 

available today for treatment of bone disease (47). Each bisphosphonate has its 

own chemical and biological characteristics. Topical administration of a 

bisphosphonate, risedronate, caused a significant decrease of OITRR without 

affecting the repair process of root resorption (48). Local administration of another 

bisphosphonate, clodronate inhibited OITRR and caused significantly smaller 

resorption area, in the meantime, it alters the rate of the tooth movement (49). On 

the other hand, 1-hydroxyethylidene-1, 1-bisphosphonate (HEBP) has been 

reported to affect not only the resorption of calcified tissues but also the 

mineralization process of these tissues (50). A single injection of HEBP is 

sufficient to induce a series of dental root cementum surface alteration such as, 
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inhibiting the formation of acellular extrinsic fiber cementum (AEFC), and 

deposition of atypical hyperplastic cementum (51). These cementum alterations 

caused by the single injection of HEBP was enough to increase the susceptibility 

of the root surface to resorption during orthodontic tooth movement experiment 

(51). 

 

The process of dental root resorption caused by orthodontic tooth movement is 

known to be directly related to the activity of pro-inflammatory cytokines such as 

interleukin-1 (IL-1) and tumor necrosis factor α (TNFα). Inhibition of these 

cytokines activity by injection of their soluble receptors was found to decrease 

OITRR, however, they did not seem to be suitable treatment choices as they also 

directly delayed the rate of tooth movement (52). 

 

Echistatin is arginine-glycine-aspartic acid (RGD) containing peptide, which is 

a compound that interacts with integrin αvβ3 receptors located on the surface of 

the multinucleated osteoclasts that resorb the calcified tissues. This interaction 

inhibits the resorption of calcified tissues by disturbing the adhesion abilities of 

these osteoclasts to the resorption sites. Intravenous administration of echistatin 

was found to decrease OITRR significantly in rats. However, this short-period 

study was not conclusive in evaluating the effect of this treatment on long-term 

tooth movement rate (53). 

 

Excessive fluoride intake affects the mineral component of the dental hard tissue 
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structure. Fluoride is known to replace the hydroxyl group of the hydroxyapatite 

crystal in the dental calcified tissues to form fluoroapatite (54). Fluoroapatite is 

more resistant to demineralization than hydroxyapatite (55). It was found that 

fluoride concentrates in cementum more than the other surrounding calcified 

tissues (56). Moreover, fluoride concentration in cementum is directly related to 

the amount of fluoride exposure (57). Therefore, a high dose of fluoride in 

fluoridated water reduces the size of OITRR on rats. Although, the resorption site 

were smaller when fluoride was administered, however the effect was not 

significant (58). The author explained that as the anabolic effect of fluoride on 

opposing bone mass might counteract the beneficial effect of fluoride on reducing 

cementum solubility(58). 

 

Nitric oxide (NO) is a free radical involved in the regulation of many 

physiological processes including bone cells function. NO concentration plays a 

role in bone resorption as well as bone formation by stimulation of osteoblast 

and/or osteoclast activity (59, 60). Injection of L-arginine (NO precursor) in rats 

resulted in increase in NO production, which increased bone remodeling as well 

as orthodontic tooth movement. It was found that that OITRR in the L-arginine 

group was less than the control group. However, only one animal from each study 

group was used to evaluate OITRR in this experiment (61). 

 

Prostaglandins (PGs) are a lipid compound associated with wide range of 

biological activities. The precursor for PGs is arachidonic acid, which is released 
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from the phospholipids of the cell membrane by the action of phospholipase 

enzymes then metabolized by cyclooxygenase enzymes to produce PGs (62). 

During orthodontic tooth movement, PGs play an important role as mediators of 

bone remodeling (63, 64). Local administrations of prostaglandin E1 (PGE1) or 

prostaglandin E2 (PGE2), in different animal models, accelerate the rate of 

orthodontic tooth movement by increasing bone remodeling activities (64, 65). 

However, several studies demonstrate that prostaglandin E2 injection significantly 

increased the amount of OITRR (66, 67). 

 

2.2 Dental Cementum 

2.2.1 Cementum Nature 

 

 

Figure 2: the basic anatomy of the dental attachment apparatus (68). 

 

Fully developed tooth is composed of two main anatomical parts: crown and root. 

The crown is the visible part of the tooth in the oral cavity while the root is the 

anchor part, which is buried in alveolar bone (Figure 2) (68). Dental root is 
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covered by a thin mineralized connective tissue layer, known as cementum, and 

attached to alveolar bone through a soft connective tissue, referred to as the 

periodontal ligament (69). The periodontal ligament fibers are inserted in bone on 

one side and radicular cementum on the other side. The inserted portions of these 

collagen fibers are referred to as Sharpey’s fibers (69). 

 

The cementum layer connects the inert root surface, biologically and structurally, 

with the cellular and collagenous structure of the periodontal ligaments around the 

root (69, 70). Therefore, cementum is a component of the dental root structure, but 

functionally it belongs to the periodontium, which is the dental attachment 

apparatus (Figure 2) (68). The major role of the periodontium is to support the 

tooth in the jaw and it consists of cementum, periodontal ligament, gingiva, and 

alveolar bone (69, 70). Cementum has also important adaptive and reparative roles 

in maintaining the integrity of the root surface and thus preserves the proper 

dental occlusal relationship (69). 

 

Cementum is a non-uniform mineralized connective tissue. Different types of 

cementum are associated with different location, function, rate of formation, 

chemical composition, and degree of mineralization (69). In fully developed 

human teeth, cementum is firmly attached to the radicular dentin and covers the 

entire surface of the root. Cementum thickness increases towards the apex and 

may extend partially into the apical foramen. The cementum thickness is about 50 

µm at the cervical margin and increases in thickness as it approaches the root apex 
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to reach around 200 µm (69, 71). In the posterior teeth, cementum thickness is 

greater on the distal than on the mesial root surfaces due to the effect of the 

natural mesial drift of these teeth, which results in more pressure exerted on the 

mesial root surfaces (72). The external surface of human cementum is covered by 

a non-mineralized layer, 3-5 µm thick, known as precementum (69). The 

relationship between cementum and enamel define what is called cementoenamel 

junction. In about 30% of human teeth the cementum and enamel meet with no 

overlap as a butt joint; 10% have a gap between cementum and enamel exposing 

root dentin; and in about 60% the cementum slightly overlaps the enamel. These 

variations in the relation were obtained from studies analyzing ground sections, 

however, other studies using scanning electron microscope reported that all these 

variations in the cementoenamel junction could present within the same tooth 

when visualized circumferentially (71). 

 

2.2.2 Cementum Origin and Development 

The precise origin of cells and trigger factors that are responsible for cementum 

formation are still uncertain. However, the circumstances required for cementum 

formation are well established (73). Cementum development has been subdivided 

into a prefunctional stage, which occurs during root formation, and a functional 

stage, which begins when the tooth reaches occlusion and continues after that 

throughout life (71). During tooth development, each tooth germ comprises an 

enamel organ and a dental papilla surrounded by a loose connective tissue known 

as dental follicle. The external layer of enamel organ forms the outer enamel 
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epithelium while the inner layer, lining the dental papilla forms the inner enamel 

epithelium (74). The inner and outer enamel epithelium form the cervical loop that 

grows coronoapically into the Hertwig's epithelial root sheath (HERS), which 

outlines the future root by enclosing the dental papilla. The inner enamel 

epithelium of root sheath induces the differentiation of peripheral cells of the 

dental papilla into odontoblasts, which form the radicular dentin (74). HERS 

undergo apoptosis once the radicular dentin is formed. The fragmented root 

sheath leaves clusters of cells, known as the epithelial rests of Malassez (ERM), 

which persist in the mature periodontal ligament (PDL). Cementum is formed 

over the outer surface of the radicular dentin adjacent to the disintegrated outer 

enamel epithelium of the root sheath. The connective tissues of PDL, surround the 

forming root, are derived from the dental follicle cells (74). 

 

Cementum matrix is deposited by specialized cells called cementoblasts. Several 

theories have suggested the origin of cementoblasts as well as the nature of the 

molecules that trigger the progenitor cell migration and differentiation. Currently, 

it is widely accepted that the cementoblasts are derived from the infiltrating dental 

follicle cells (69). However, some have suggested that cementoblasts originate 

from epithelial cells of Hertwig's root sheath when they undergo an epithelial-

mesenchymal transformation (69, 75). However, it may be the case that there are 

two types of cementoblasts: those originating from the dental follicle cells which 

form the cellular cementum; and those originating from the epithelial cells of 

Hertwig's root sheath, through epithelial-mesenchymal transformation, which 
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form the acellular cementum (76). Anyway, the interaction between the dental 

follicle and the Hertwig's epithelial root sheath subsequent to the radicular dentin 

formation is an essential step for cementoblasts migration and differentiation (69). 

Hertwig's epithelial root sheath cells may produce the basement membrane 

containing chemotactic molecules, which trigger the migration and the 

differentiation of cementoprogenitor cells. These basement membrane molecules 

are extracellular matrix proteins include growth factors, enamel proteins and 

adhesion molecules, such as a collagenous-like protein, referred to as cementum 

attachment protein (CAP) (76).  

 

Cementum grows in thickness throughout life, with a rate about 3 µm per year, 

and is capable of performing reparative activities when subjected to injury. 

Therefore, new cementoblasts must be continuously recruited from specialized 

cementoprogenitor cells within the same root-related portion of the mature and 

intact periodontal ligament (69). These progenitor cells exhibit some features of 

stem cells and present in paravascular locations within the periodontal ligament 

(76). However, when the pool of available progenitor cells in the periodontal 

ligaments is decreased, the cementoblasts could also be derived from stem cells 

present in other locations such as, gingiva, or alveolar bone around the dental 

root. This may be the case following an injury of the periodontium, when the 

demand for new progenitor cells is more than what are available in the periodontal 

ligaments (77). On the other hand, epithelial cell clusters with ultrastructural 

characteristics similar to those of epithelial rests of Malassez (ERM) have been 
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found in areas of cementum repair following orthodontic root resorption. (78). 

These epithelial cell clusters could have a role in repair/regenerative 

cementogenesis by producing matrix proteins, similar to what have been 

expressed during tooth development, subsequent to their migration into the 

resorption site (79). For this reason, it has been suggested that the interaction 

between ERM with specific periodontal ligament cells may generate new 

cementoblasts by recapitulating epithelial-mesenchymal interactions during dental 

root developmental events. Moreover, by recapitulating the early epithelial-

mesenchymal transformation of HERS into cementoblasts, the ERM may directly 

give rise to new cementoblasts (80). 

 

As mentioned above, the processes of cementoblasts migration and differentiation 

are controlled by several molecular factors either during cementum development 

and/or maturation and/or regeneration (73). Several adhesion molecules, 

responsible for the attachment and the maturation of appropriate cells on the root 

surface, have been identified during different stages of root development such as 

bone sialoprotein, osteopontin, laminin, fibronectin, type I collagen, cementum 

attachment protein and proteoglycans. Moreover, certain growth factors have been 

linked to the cells activities during cementum development and maturation 

including growth hormone, transforming growth factor-β and insulin-like growth 

factor-I. However, the factors recognized as having a role in the cementum 

development and maturation are not necessarily associated with the regeneration 

of this tissue (73). Extracellular matrix proteins such as bone sialoprotein and 
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osteopontin, in addition to platelet-derived growth factor and collagen type I and 

III, have been suggested to play an important role in cementoblasts migration and 

differentiation during cementum regeneration (73). 

 

During root development, once the cementoprogenitor cells reach the root surface 

they differentiate into cementoblasts over the newly deposited and not yet 

mineralized radicular dentin mantle. Cementoblasts thereafter extend numerous 

tiny cytoplasmic processes into the non-mineralized dentin matrix in order to 

position the initially secreted collagen fibril of the cementum matrix among those 

of the dentinal matrix (69). Mineralization of the peripheral layer of mantle dentin 

is delayed and does not reach the outer surface until the collagen fibrils of dentin 

and cementum have had the time to blend together and form what is called 

dentinocemental junction. After that, mineralization progresses outward through 

the surface layer of dentin, across the dentinocemental junction and reach 

cementum layer (71). Dentinocemental junction has a biological and clinical 

importance since pathological alteration of this layer may influence the nature of 

the exposed root surface and thus the quality of the new junction during repair 

process when new cementum is deposited (71). Fortunately, as a result of root 

resorption, repair cementum adheres well to the root surface when the resorptive 

process precedes new cementum matrix deposition. This could mean that 

odontoclasts not only remove the hard tissues but also precondition the root 

surface and thus facilitate the blend between the matrix of reparative cementum 

and dentin prior to mineralization, thereby recapitulating the developmental 
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events (71). In rodent teeth, on the other hand, dentinocemental junction between 

dentin and acellular extrinsic fiber cementum is weak and an intermediate layer, 

rich in glycoprotein in addition to collagen fibrils, has often been observed in the 

cervical third of the tooth. The origin of this intermediate layer is uncertain (69). 

 

2.2.3 Cementum Types 

Three major different types of cementum are identified in human teeth based on 

the presence or absence of cells and collagen fibers in addition to the source of the 

collagen fibers. The acellular afibrillar cementum (AAC) covers teeth at and 

along the cementoenamel junction. It consists of mineralized matrix, but lacks 

collagen fibrils and embedded cells, which indicate that this type has no function 

in tooth attachment (69). It is deposited as isolated patches over enamel 

(cementum islands) and dentin (cementum spurs), and it is sometimes covered by 

acellular extrinsic fiber cementum and/or by junctional epithelium. The formation 

of AAC begins at the end of enamel maturation and continues for an unknown 

period of time. The cells responsible for depositing this cementum are still 

controversial, as either they are connective tissue cells, when they come into 

contact with the enamel surface, or may be epithelial cells of Hertwig's root 

sheath (69). 

 

The acellular extrinsic fiber cementum (AEFC) is normally confined to the 

coronal half of the root covering the cervical and the middle portions of the root 

surfaces, but may extend further apically in anterior teeth (80). It consists of a 



 

 24 

highly dense fringe of extrinsic collagenous fibers implanted into dentinal matrix 

and oriented perpendicular to the root surface. The highly dense extrinsic fibers 

elongate and extend with the periodontal ligament fibers, which indicate that this 

type has the significant function for tooth anchorage to the surrounding alveolar 

bone (69). The formation of AEFC begins shortly after crown formation and 

before the formation of cellular intrinsic fiber cementum on more apical root 

portion. AEFC is formed by cementoblasts that differentiate in closest proximity 

to the advancing root edge only about 20-30 µm coronal to the first deposited 

dentinal matrix. AEFC continues to grow constantly and slowly forming 

incremental growth lines throughout life, with a rate between 0.005 and 0.01 

µm/day, as long as the adjacent periodontal ligament remains undisturbed. The 

direction of the extrinsic (Sharpey’s) fibers can change as a result of post-eruptive 

tooth movements. These changes are accentuated by individual AEFC layers 

interfaced and by incremental growth lines (69, 80). 

 

The cellular intrinsic fiber cementum (CIFC) covers the apical portions of the root 

surfaces, and has an important adaptive and reparative function. It consists of 

cementocytes entrapped in the mineralized cementum matrix as well as intrinsic 

collagen fibers that form discrete bundles oriented mainly parallel to the root 

surface (69). CIFC plays an important role in repairing a resorptive defect of the 

root surface due to its ability to grow much faster than the other cementum types 

(69). The cementoblasts deposited the cementum matrix around themselves close 

to the advancing root edge. Once the matrix mineralizes, the cementoblasts are 
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entrapped and become cementocytes, which occupy lacunae that are 

interconnected through canaliculi. The density of cells entrapped in CIFC is lower 

than in bone tissue and the system of interconnecting canaliculi, which might 

serve to maintain nutritional supply and cell contacts, is more sparse. In rare 

cases, the intrinsic cementum is formed by pure matrix deposition and completely 

lacks entrapped cementocytes, which form what is called acellular intrinsic fiber 

cementum (69). On the other hand, cellular mixed stratified cementum (CMSC) is 

a mixture of consecutively overlapped layers of CIFC and AEFC. The intrinsic 

part of CMSC may have an adaptive function, while the extrinsic part could serve 

in the tooth anchorage. This cementum could be found on apical root portions, 

furcations and in the areas of cementum repair of previously resorbed roots (77, 

80). 

 

2.2.4 Cementum Structure 

The non-uniform nature of cementum in addition to its limited distribution makes 

it a difficult connective tissue to study biochemically (69). Unlike bone, dental 

cementum is avascular, non-innervated, and does not undergo continuous 

physiological remodeling. Moreover, deposition of cementum layers does not 

follow the lamellar arrangement found in bone. However, biochemical studies 

have suggested that acellular cementum is a unique tissue, while cellular 

cementum and bone share some compositional features (80). Volumetrically, 

cementum comprises approximately equal proportions of water, organic matrix 

and inorganic mineral. The inorganic mineral component of cementum is the 
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same as in other calcified tissues, which is composed of hydroxyapatite crystals 

with small amounts of amorphous calcium phosphate; however the mineralization 

degree of cementum is less than radicular dentin from the same tooth. Moreover, 

acellular extrinsic fiber cementum (AEFC) is more mineralized than the other 

cementum types (69). The mineral crystal arrangement in cementum exhibits a 

large specific surface area of the mineral component and a subsequence great 

capacity for adsorption of fluoride and other elements over time, however, this 

arrangement also make cementum more vulnerable to decalcification compared 

with the dental enamel in the presence of acidic conditions (69). 

 

In general, about 50% of the dry mass of cementum is mineralized inorganic 

component whereas the remaining part is organic matrix consists mainly of 

collagens and, to a lesser degree, glycoproteins and proteoglycans. Up to 90% of 

the organic matrix is composed of type I collagen and about 5% is type III 

collagen. Collagen components play structural and morphogenic roles by 

providing a scaffold for mineral crystals and also supporting the inserted 

Sharpey’s fibers from the periodontal ligament (69, 81). The remaining 

components of cementum organic matrix are glycoproteins (non-collagenous 

proteins) and proteoglycans. The main non-collagenous proteins are bone 

sialoprotein (BSP) and osteopontin (OPN). Both are found in acellular afibrillar 

cementum and acellular extrinsic fiber cementum more than in cellular intrinsic 

fiber cementum. They bind to the collagenous matrix and the hydroxyapatite 

crystals and participate in the cell attachment and the mineralization process (69). 
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Other glycoprotein found in the cementum organic matrix is osteonectin, which 

might be involved in the mineralization process. Fibronectin and tenascin are 

glycoproteins found at the attachment site of the periodontal ligament to the 

cementum surface but not in the cementum layer itself (69). Other non-

collagenous proteins have been suggested to be present in the cementum organic 

matrix include enamel matrix protein, dentin matrix protein 1 and osteocalcin (69, 

76). 

 

The aforementioned components are also found in bone; however, some other 

molecules are only found in cementum. Some cementum specific proteins have 

been identified include cementum-derived growth factor (CGF), which is an 

isoform of insulin-like growth factor-I (IGF-I) (82); and cementum attachment 

protein (CAP), since antibodies to CAP immunostain only cementum and not 

dentin or the periodontium (83). No evidence was found regarding the expression 

of the aforementioned proteins by cementoblasts; however, other proteins are only 

produced by cementum cells, and not by any other mineralized tissue forming 

cells, such as GLUT-1 monosaccharide transporter and cementoblastoma-derived 

protein (CP-23) (76). Moreover, proteoglycans including: fibromodulin and 

lumican, which play a role in tissue formation and mineralization, are found more 

abundantly in cementum than in bone (80). 

 

Finally, despite the fact that certain aspects of cementogenesis and cementum 

biology is different from those of bone, some diseases that affect bone could alter 



 

 28 

the properties of cementum as well. For example, hypercementosis is usually 

associated with Paget’s disease; no cementum formation can result from 

hypophosphatasia; decreased cementum is associated with hypopituitarism; and 

defective cementum is seen in patients with cleidocranial dysplasia (73). 

 

2.2.5 Possible Role of Cementum in Periodontal Regeneration 

The objective of regenerative periodontal therapy is to restore the structure and 

function of previously damaged periodontium. However, achieving proper 

periodontal regeneration requires an appropriate sequential reconstruction of the 

four different components of the periodontium, i.e., dental cementum, periodontal 

ligament, alveolar bone and gingiva. Therefore, the new attachment of the 

periodontal connective tissue fibers to the previously damaged root surface is a 

critical step toward achieving periodontal regeneration. Cementum plays an 

important role in this process, because it invests and securely attaches the 

periodontal ligament fibers to the root surface. Thus, new cementum formation 

must occur for periodontal regeneration to take place (77, 80).  

 

The extracellular matrix of cementum itself has been proposed to have the 

potential to mediate cell migration and adhesion and to regulate the differentiation 

of precursor cells into cementoblasts and subsequent formation of cementum 

matrix and fiber insertion. Furthermore, the cementum matrix is a rich source of 

growth/differentiation factors such as the transforming growth factor-β, fibroblast 

growth factors and cementum-derived growth factor as well as a group of other 
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polypeptides; including osteopontin, bone sialoprotein and cementum attachment 

protein (CAP). Therefore, it is assumed that cementum components have the 

abilities to contribute in the regulation of the periodontium homeostasis and 

regeneration by providing the appropriate environment for the recruitment, 

proliferation, and differentiation of needed periodontal cells, at the same time 

excluding unneeded cells (71, 77, 80, 84).  

 

The possibility of replanting a tooth, into its socket, following avulsion has been 

clinically established. Ideally the tooth should be replanted into the socket as soon 

as possible in order to maintain the viability of the cementum layer and then re-

establish the periodontal fibers attachment (85, 86). However, if the avulsed tooth 

is replanted without viable cementum, unfavorable prognosis is usually followed, 

which could be demonstrated as replacement or external root resorption (77, 85, 

86). Replacement resorption (ankylosis) occurs as a result of cementum death, 

which is then replaced by bone deposition directly on the root surface, causing a 

pathological fusion between root dentin and the alveolar bone (85, 86). External 

root resorption is caused by attracting osteoclasts to the root surface as a result of 

chemotactic process that follows the injury to the cementum layer, which often 

leads to loss of the dental root structure (85-87). Therefore, based on a well-known 

clinical observation, viable cementum and/or its intact molecules, are likely to 

have a major role in recruiting cells that differentiate later into cementoblasts to 

form new cementum which in turn is a critical step for the following restoration of 

the structure and function of the previously damage periodontium (77). In other 
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words, the good condition of cementum is not only an important factor that assist 

in the appropriate formation of new reparative cementum, but is also essential for 

the regeneration and maturation of periodontium. 

 

Periodontal ligament (PDL), which is a component of periodontium, is a non-

mineralized connective tissue and, at the same time, is the source for the 

mineralized tissue forming cells. The pool of PDL cellular population consists of 

fibroblasts, endothelial cells, perivascular cells and cells of epithelial rests of 

Malassez (ERM) as well as the progenitor cells that can differentiate into 

fibroblasts, osteoblasts or cementoblasts (80). On the other hand, PDL cells play 

an important role in the bone remodeling activities during orthodontic tooth 

movement by regulating the actions of osteoclasts through the 

OPG/RANKL/RANK system (88-90). Moreover, cells of epithelial rests of 

Malassez (ERM) present in PDL can react to the mechanical stress during 

orthodontic tooth movement by increasing their proliferation rate and cell size, 

and thereby could protect the root surface by acting like a cushion that maintains 

the space between alveolar bone and cementum (76). 

 

2.2.6 Possible Protective Role of Cementum in OITRR  

One of the major differences between the bone and the mineralized dental tissues 

is their susceptibility to resorption. Bone normally undergoes continuous 

physiological remodeling to which the dental tissues appear to be resistant under 

normal conditions (91). The cells covering bone surfaces (osteoblasts precursors 
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and stromal cells) regulate the process of bone resorption by controlling the 

activities of the resorbing cells (osteoclasts) through the OPG/RANKL/RANK 

system (92, 93). Osteoprotegerin (OPG), receptor activator for nuclear factor kappa 

B ligand (RANKL), and receptor activator for nuclear factor kappa B (RANK) are 

all members of the tumor necrosis factor (TNF) receptor/ligand superfamily. The 

cells covering bone surfaces express RANKL on their surfaces, which bind to 

RANK on the surface of osteoclastic precursor cells. This interaction is necessary 

for the development and the activity of osteoclasts. The same cells covering the 

bone surfaces produce OPG, which act as a decoy receptor that bind to RANKL 

and block the interaction between RANKL and RANK and thus suppress the 

development and the activity of osteoclasts (93). A number of hormones and 

inflammatory mediators control the process of osteoclastic bone resorption by 

adjusting the expression balance between RANKL and OPG. For example: TNF-

α, IL-1, parathyroid hormone (PTH), and 1,25-dihydroxyvitamin D3 all stimulate 

bone resorption by stimulating the expression of RANKL and inhibiting the 

production of OPG. On the other hand, TGF-ß and estrogen suppress bone 

resorption by increasing OPG production. However, not all regulation of the bone 

resorption is exclusively through the OPG/RANKL/RANK system since 

calcitonin was found to directly suppress the activity of osteoclastic cells (93). 

 

It is known that teeth root surfaces are more resistant to resorption than alveolar 

bone. Cementum covers the dental root and forms a protective barrier preventing 

resorbing cells from gaining access to the root surface (91). Hypothetically, this 
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inherent relative resistance of cementum to resorption under normal condition was 

linked to the presence of a non-mineralized layer (precementum) that covers the 

external surface of cementum (91). It has also been postulated that cementum 

contains proteinase inhibitors, within precementum and cementum matrices (94). 

These proteinase inhibitors were suggested to be associated with the resistance of 

cementum tissues to blood vessel invasion, which in turn is an essential step in 

any physiological remodeling process (94). Moreover, cementum does not respond 

in the same way to mediators that normally stimulate bone resorption such as 

parathyroid hormone (PTH) (92, 95, 96). 

 

Breakdown of the cementum barrier is therefore required to allow odontoclasts to 

colonize the denuded root surface and start the resorption process (9, 24, 26, 91, 97). 

In orthodontically induced tooth root resorption (OITRR), the pressure applied at 

the root surface during tooth movement can directly damage the cementum 

barrier. Cementum death in the pressure regions, in addition to necrosis of the 

periodontal membrane, has been clearly established during tooth movement (97). 

Moreover, undamaged cementum layer could also be removed during the 

eliminating process of the necrotic tissue adjacent to the root surface following 

the application of orthodontic force (25, 26). 

 

Unfavorable changes in the structure of cementum can cause destruction of the 

surrounding tissues by triggering inflammatory and immune responses (98). 

Moving teeth with preexisting nonviable cementum resulted in a markedly 
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increase in the vulnerability of the root surface to resorption (51). On the other 

hand, the pressure caused by the tooth movement can reduce the normal 

cementum thickness and alter its mineral content and physical properties at the 

compressed root surface where the resorption usually takes place (72, 99, 100). 

 

Viable cementum is crucial not only for preserving the structure of the dental root 

during tooth movement, but also for the vitality of the surrounding periodontal 

ligament cells (77). The periodontal ligament would conceivably provide 

additional protection to the root structure during tooth movement- physically by 

acting like a cushion that diffuses the pressure against the root (76) and 

biologically by producing mediators that stimulate the appropriate remodeling of 

the surrounding alveolar bone opposing the dental root during tooth movement 

and thus reduce the stress concentration at the compressed root surface (88-90). 

 

Theoretically, based on the literature, cementum layer augmentation may indeed 

provide additional protection to dental root during orthodontic tooth movement. 

Moreover, clinical observations in patients with a history of earlier orthodontic 

treatment showed a decrease in the degree of root resorption during the second 

treatment (101). This additional resistance against OITRR could be attributed to 

cementum remodeling in the root surface during the first treatment (24). Therefore, 

tooth root surface remodeling by inducing new cementum formation might be an 

important preventive factor that influences the onset and the progression of 

OITRR, and this would be a novel discovery.     
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2.2.7 Cementum Regeneration 

Cementum regeneration has been well investigated by using a direct application 

of a variety of growth and differentiation factors in order to stimulate cell 

repopulation around a previously exposed dental root due to periodontal disease. 

Several studies have shown that the application of platelet-derived growth 

factor/insulin like growth factor-1(102, 103); bone morphogenetic protein (BMP) 

(104); and basic fibroblast growth factor (bFGF)  (105) result in significant amounts 

of new bone and cementum formation. Moreover, Emdogain® (EMD), a 

formulation of Enamel Matrix Proteins (EMP), is used clinically for periodontal 

regeneration therapy. EMD is a commercially available acid extract of fetal 

porcine enamel matrix protein. Amelogenin is the major protein component of 

EMD, which proved to stimulate cementum formation when directly contacting 

the exposed root surfaces for enough period of time (106). EMD is used locally in 

the previously diseased roots to regenerate lost periodontal soft and hard tissues 

(107). 

 

One of the major problems of applying bioactive molecules directly to the 

exposed root is that they need to bind efficiently to the target location and remain 

bio-available and bioactive for long periods of time (77). Moreover, these 

molecules should allow for a direct connection between mineralized dentin and 

non-mineralized fibrous periodontal ligament (77). Therefore, these therapeutic 

molecules not only should directly contact the target tissues, but also have to 
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bring together the two different environments, which are the mineralized and non-

mineralized tissues (77). 

 

Unlike periodontally involved teeth, the dental root surfaces that are susceptible to 

resorption during tooth movement are not exposed to the outer oral environment. 

Therefore, the direct application of the aforementioned bioactive molecules is not 

applicable to induce new cementum formation on the sound root surface prior to 

tooth movement in the in vivo setting. For this reason, we propose the systemic 

administration of cyclosporine A (CsA), or the surface application of low-level 

laser therapy (LLLT), as potential treatments to induce new cementum formation 

in sound tooth root surfaces. 

 

2.3 Cyclosporine A 

2.3.1 Pharmacological Properties of CsA 

The first successful kidney transplant procedure was performed during the middle 

of the last century. Since then organ transplantation is becoming an ever-

increasing treatment of choice for end-stage organ failure (108). Organ 

transplantation procedures necessitate the use of immunosuppressant drugs in 

order to prevent the rejection of the new transplanted organ by the body’s immune 

system. Therefore, more attention was required to discover new 

immunosuppressive medications and more studies were focused on their 

biological actions as well as the side effects that are associated with their uses 

(109). These drugs are also prescribed in the treatment of autoimmune diseases, 
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such as rheumatoid arthritis and psoriasis, where the body’s immune system 

actually attacks its own cells (108). 

 

Cyclosporine A (CsA) is a powerful immunosuppressive agent and one of the 

major drugs that have a significant impact on transplant medicine and in the 

therapy of autoimmune diseases. CsA is a hydrophobic cyclic polypeptide 

consisting of 11 amino acids. It is isolated as a metabolite from the fungus 

Beauveria nivea. It was discovered in 1976 during the search for new antibiotic 

agents; however, CsA was found to exert a broad range of pharmacological 

effects including anti-parasitic, fungicidal, anti-inflammatory and 

immunosuppression effects (110). 

 

As an immunosuppressive agent, the primary function of CsA is to suppress the 

activity of helper/inducer T lymphocytes (CD4+ cells). At a molecular level, the 

normal activation process of T lymphocytes starts by binding of a specific antigen 

to the lymphocyte receptor which results in the activation of a number of cell 

signaling pathways leading to transcriptional activation, and subsequent cellular 

responses such as lymphocyte proliferation and cytokine production (111). CsA 

directly binds to an intracellular protein within T lymphocytes and blocks the 

aforementioned signaling pathway that lead to a temporary suppression of the 

cellular immune response (110, 112). 

 



 

 37 

The immunosuppressive efficiency of CsA not only depends on its ability to 

inhibit the activity of CD4+ T lymphocytes but also to suppress the subsequent 

release of associated cytokines (IL-2, IL-6 and Interferon gamma) that are 

produced as a result of these cells activation. Therefore, the repression effect of 

CsA on the other components of the immune system, rather than T-cells, is 

achieved as a consequence of inhibition of cytokine expression (113). On that 

basis, CsA indirectly inhibits the growth, differentiation, and activity of different 

non-T-cells that are involved in immune reaction such as B-lymphocytes, 

eosinophils and mast cells, even though, it was reported that CsA could directly 

inhibit the release of histamine and prostaglandin from human mast cells (113). On 

the other hand, CsA, at therapeutic dose, has no significant effect (neither directly 

nor indirectly) on the function of other components of immune system including 

neutrophils, natural killer (NK) cells and macrophages as well as the phagocytic 

activity associated with these cells actions (113). 

 

The chemical characteristic of CsA results in an incomplete absorption of the drug 

from the small intestine, following an oral administration (114). The low water 

solubility of CsA causes a bioavailability of only 30% compared with an 

intravenous infusion. Peak absorption occurs in 4 to 5 hours, and equilibrium is 

reached approximately 8 to 12 hours following oral administration (115, 116). 

Moreover, the absorption of oral CsA dose and the subsequent bioavailability 

depends mainly on the biliary function and flow; therefore, the variability in the 

drug absorption between patients is directly related to the condition of the biliary 
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system. Patients with biliary diversion and cholestasis are at higher risk of sub-

therapeutic levels of CsA therapy (116). 

 

Administration of CsA by subcutaneous injection provides more consistent 

pharmacokinetic profile than any other administrations route in rat model (117). 

The subcutaneous injection route of CsA offered a constant absorption rate with a 

steady serum level of the drug over the 24 hours following administration in rats. 

Moreover, a daily dose CsA of 10 mg/kg of rats’ body weight by subcutaneous 

injection provided plasma peak and trough levels of around 1000 and 750 ng/ml, 

respectively, with a bioavailability reaching about 80% (117). It was shown that a 

serum level over 400 ng/ml is needed for CsA to be effective as an 

immunosuppressive agent in animals (118). Therefore, the oral doses of CsA has to 

be larger than the subcutaneous injection doses in order to obtain comparable 

bioavailability and thus, achieve similar pharmacological effect, due to the drug 

absorption differences between the administration routes (117). Moreover, 

handling animals with the subcutaneous injection approach is easier than any 

other administration routes. Less complication was reported by using 

subcutaneous injection, which only requires needle insertion into the skin folds on 

the back of rat’s neck (117). 

 

In blood, CsA is mostly bound to the following: 50% erythrocytes, 5% 

lymphocytes and 40% lipoproteins, with approximately 5% free in the plasma 

(119). In the liver, CsA and its metabolites are taken up into the hepatocytes for 



 

 39 

further metabolization by the cytochrome P450 monoxygenase system. The 

metabolites are mainly excreted from the hepatocytes into bile, with only a 

smaller portion released into blood. The terminal half-life of CsA is 

approximately 19 hours (range 10-27 hours). The major route of elimination of 

CsA is through the bile (feces). About 95% of a single dose is eliminated in feces 

over a sampling of 96 hours (110). Less than 1% of an administered dose of CsA is 

excreted in the bile as parent drug. Renal excretion is a minor pathway with only 

4–6% of a CsA dose eliminated by the kidney and found in the urine as 

metabolites (110). CsA is metabolized to more than 30 metabolites. Cytochrome 

P450 monoxygenase system, located in liver and small intestine, are the site of 

several drug interactions and are responsible for the biotransformation of CsA and 

its metabolites. It is still not clear if the metabolites are involved in the 

immunosuppressive and/or toxic activities of CsA, even though isolated 

metabolites can show some of the activity of the original compound (120). 

 

Because of the variations in the drug absorption following oral administration, 

monitoring the CsA dose is necessary in order to avoid overdose toxicity or to 

prevent possible sub-therapeutic dose that could result in organ rejection. CsA 

dose should be determined based on the formulation used (ie, Neoral versus 

Sandimmune) as well as blood levels (116). Several techniques exist for the 

measurement of CsA levels, including radioimmunoassay and high-pressure 

liquid chromatography (116). The levels can be measured in whole blood, serum, 

or plasma. However, the radioimmunoassay measurement of the whole blood 
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levels is the most currently used technique. In the first 3 to 6 months after 

transplant, the desire level is 150 to 200 ng/mL; then the level could be 

maintained at 100 to 150 ng/mL after that. However, these levels are considered 

guidelines and might need to be adjusted based on the subsequent side effect (116). 

 

Several factors have been identified that can influence the pharmacokinetic profile 

and the clearance of CsA, such as age, hepatic function, hematocrit, and 

lipoprotein concentrations (121). Moreover, a number of clinically relevant drugs 

are well established to interact with CsA. These interactions fall under two major 

categories:  pharmacokinetic or pharmacodynamic interactions. Pharmacokinetic 

interactions are characterized by either an increase or decrease in the CsA 

concentration followed an alteration in the function of cytochrome P-450 system 

caused by the co-administrated drugs. However, other drugs can affect CsA 

absorption, distribution, and elimination by different mechanisms. On the other 

hand, Pharmacodynamic interactions are manifested by an increase in the toxic 

effect, such as nephrotoxicity, of a certain CsA dose. Management of these 

interactions necessitate the awareness of the effect of each concomitant drug 

beforehand. Moreover, monitoring CsA blood concentration as well as the health 

condition of the patient is important when attempting to start or discontinue any 

drug that has the potential to interact with CsA treatment (122).  
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2.3.2 CsA Side Effects 

Several side effects associated with CsA treatment have been identified. The most 

common side effects of CsA are nephrotoxicity, neurotoxicity, hepatotoxicity, 

hypertension, infections, and gingival overgrowth. The complications of these 

side effects could require dose adjustments or a complete discontinuation of the 

drug in some cases (116). 

 

Acute or chronic nephrotoxicity are considered the most significant side effects of 

CsA treatment. The acute nephrotoxicity results from transient vasoconstriction of 

the kidney blood supply which often resolves spontaneously after therapy 

termination (116). The irreversible chronic nephrotoxicity is a more severe type 

that characterized by a permanent damage of the kidney structure and blood 

supply (116). Furthermore, several drugs can interact with CsA and increase the 

risk of nephrotoxicity including non-steroidal anti-inflammatory agents, 

aminoglycosides, and various antifungal agents (116). Neurotoxicity is another 

common side effect of CsA therapy that causes headaches, tremors, seizures, or 

coma in severe cases. Neurotoxicity was reported in about 50% of CsA treated 

patients (116). Hepatotoxicity was also reported in patients receiving CsA, which 

caused by mild to moderate impairment of liver enzyme functions (116). 

 

Although CsA is considered an immunosuppressive agent, CsA treatment is not 

always associated with an increase prevalence of bacterial and fungal infections. 
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However, immunosuppressed patients are at higher risk for some opportunistic 

viral infections such as herpes simplex, herpes zoster and cytomegalovirus (110). 

 

Severe gingival overgrowth (GO) is a side effect commonly found in patients 

treated with CsA. The pathogenesis of GO induced by CsA is still not completely 

known and it is associated with many different risk factors (119). The relationship 

between CsA administration and the severity degree of GO varies between 

patients, and this variability could be observed within the same patient as well. 

The severity of GO in patients receiving CsA is directly related to several factors 

including: serum and salivary drug concentrations, time since drug assumption, 

age, concomitant medication and oral hygiene. Different approaches for managing 

GO in patients treated with CsA have been proposed including the use of specific 

oral hygiene programs, surgical removal of the overgrowth tissues, and/or 

changing the pharmacological agent (119). 

 

2.3.3 CsA Pharmacological Action in Periodontium  

Several studies of the effect of CsA in periodontium have been performed in order 

to understand the cause and the mechanism of the gingival overgrowth (GO) 

associated with the drug administration. Histologically, the CsA induced GO is 

described by gingival epithelial hyperplasia and interstitial fibrosis associated 

with focal inflammatory cell infiltration (123) in addition to an accumulation of a 

collagen filled extracellular matrix (ECM) within the gingival connective tissue 

(123, 124). 
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A study was done to investigate the effect of CsA on collagen production in 

fibroblast cultures obtained from normal human gingival, indicated that CsA 

induced GO could be directly related to the observed increase in type I collagen 

synthesis. CsA stimulates fibroblasts to increase the expression of type I 

procollagen mRNA, which was found to be decreased by the presence of a protein 

synthesis inhibitor such as cycloheximide (125). Moreover, CsA effect on gingival 

fibroblasts is not only on increasing collagen synthesis, but also on regulating the 

secretion of various matrix metalloproteinases (MMPs) such as collagenase 

(MMP-1), and tissue inhibitor of metalloproteinase (TIMP). Overall, CsA can 

directly stimulate the deposition of dense collagen networks in gingival tissues 

and also decrease the collagenolytic activity by reducing collagenase expression 

and increasing TIMP production by fibroblasts (126). 

 

CsA was found to be responsible for an increase in the concentration of 

transforming growth factor-β (TGF-β) in gingival crevicular fluid (127). This 

increase in TGF-β was suggested as the reason behind the reduction of proteolytic 

activity in periodontium due to CsA administration (128). TGF-β is one of the 

major bioactive mediators that control connective tissue development and 

homeostasis as well as wound repair. TGF-β is a multifunctional bioactive peptide 

that regulates diverse biologic activities including cell proliferation and 

differentiation in addition to its ability to directly activate gene expression for the 

synthesis of extracellular matrix protein components including collagen (127). CsA 
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was also found to up-regulate other growth factors in periodontium such as: 

vascular endothelial growth factor (VEGF) (123), platelet-derived growth factors 

(PDGFs) (129), and epidermal growth factor (EGF) (130). 

 

Nitric oxide (NO), a free radical involved in regulation of various cellular 

activities, may also play a role in CsA induced gingival overgrowth (GO) (131). 

NO is generated locally from L-arginine by the enzyme nitric oxide synthase 

(NOS), which is produced by several cells including macrophages and vascular 

smooth muscle cells (131). It was reported that CsA administration increased the 

local NOS expression in rats’ gingival tissues, which in turn increased the 

production of NO (131). 

 

The anti-inflammatory effects of CsA in the periodontium, by inhibiting the 

production of several active inflammatory molecules, were linked to the 

overgrowth of gingival tissues induced by the drug administration. The 

inflammatory molecules such as prostaglandin E2 (PGE2) have important roles in 

the remodeling activities in the periodontium by facilitating the destruction and 

the rearrangement of its connective tissues (132). CsA was found to reduce the 

production of PGE2 by inhibiting the synthesis of cyclooxygenase-2 (COX-2) in 

both gingival tissue and cultured gingival cells (132, 133). Moreover, the down-

regulation of other inflammatory molecules such as interleukin-1β and tumor 

necrosis factor-α were also observed in gingival tissue after CsA therapy and in 

cultured gingival fibroblasts (133, 134). 
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The effect of CsA on human bone is still not clearly defined. A number of studies 

in transplant patients suggested that CsA causes bone loss; however it is difficult 

to be certain because these patients are usually treated with a combination of 

drugs, other than CsA, including glucocorticoids, which also could stimulate bone 

resorption (135). On the other hand, the ability of CsA to inhibit the production of 

inflammatory cytokines associated with the T-cells activation could provide a 

direct protective effect against bone resorption. This protective effect was 

demonstrated in vivo, as CsA prevented bone loss that usually occurs in 

association with arthritis in rats. Moreover, CsA can directly inhibit in-vitro bone 

resorption induced by the application of active mediators such as interleukin-1 

(IL-1), prostaglandin E2 (PGE2), 1,25-dihydroxy-vitamin D3, and parathyroid 

hormone (136).  

 

The variation in the effect of CsA in the bone density could be related to the drug 

dose level. A study found that only a high oral dose of CsA, around 30 mg/kg, 

would decrease the bone volume in both growing and adult rats (137). Moreover, 

gender-related differences in the effect of CsA on the bone tissues were also 

suggested. It has been reported that CsA stimulates bone formation in female rats 

while it increases bone resorption in male rats, even though, neither sex hormones 

nor gonadectomy were found to modulate the CsA effect on osseous tissues (138). 

Therefore, it could be postulated that the decrease in male rats’ mandibular bone 

mass following CsA therapy, as reported in the literature (139), is related to the 
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animal gender. Accordingly, the effect of CsA on alveolar bone is controversial. 

CsA therapy could have a suppression effect on alveolar bone mass, specifically 

on osteoid formation around the molar regions (140). However, others found that 

use of immunosuppressive levels of CsA has no effect on alveolar bone 

homeostasis in rats’ healthy periodontium tissues(141). 

 

CsA was reported to stimulate the healing processes of oral wounds resulting 

from injuries of the alveolar bone and periodontal soft tissues (142). It was shown 

that CsA accelerates the healing after tooth extraction in rats’ dental alveolar bony 

socket and subsequently forms an enlarged edentulous soft tissue ridge. 

Histologically, this healing occurred at a faster rate in the hard tissues than in the 

soft tissues (142). Moreover, in the presence of periodontal disease, CsA treatment 

was found to influence the alveolar bone remodeling by decreasing resorption and 

stimulating osseous tissues formation around rats’ dental roots (141). 

 

2.3.4 CsA Induce New Cementum Formation 

The effect of CsA treatment in the formation of dental hard tissues has been 

investigated. Many studies have demonstrated that administration of CsA induces 

the formation of a significant amount of new cementum tissues that accumulated 

over all rats’ dental root surfaces (143-147). 

 

Daily administration of an oral dose of 30 mg/kg of CsA in young and adult male 

Sprague-Dawley rats resulted in the formation of new cementum regardless 
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animals age (143). A thicker new acellular cementum layers and spurs were found 

close to the enlarged gingival connective tissues. The deposition rate of the new 

cementum after one month of daily oral dose of CsA was more evident in the 

cervical third of the root. The new cementum layer was firmly attached to the root 

surface. Moreover, the orientation of the periodontal collagen fibers insertion 

would indicate that new cementum layer formed by the CsA administration is 

functionally intact (143). 

 

Comparable results were also obtained by using subcutaneous injection to deliver 

a daily dose 10 mg/kg body weight of CsA in male Wistar rats (147, 148). 

However, the cementum thickness was significantly more over the root apical 

third in all the groups that received daily injection of CsA, in comparison to a 

control group (147). Furthermore, the induced new cementum layer by CsA 

administration through subcutaneous injection route was mostly cellular 

cementum type over the root apical part, which is different from the results 

obtained by the pervious study which found that oral doses of CsA stimulate the 

formation of a distinctive, acellular, type of cementum mainly on the root cervical 

third (143, 147). No explanation was provided regarding these differences in the 

cementum type and location that was induced by each drug administration route, 

even though, both techniques caused gingival overgrowth which is a common side 

effect of CsA treatment (143, 147).  
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In order to evaluate the rate of new cementum deposition following daily CsA 

treatment for 7 weeks, fluorescent markers, calcein and alizarin red, were used on 

alternate weeks in order to label the rate of cementum formation, at one-week 

interval (146). It has been shown that the highest apposition rate of new cementum 

was found in the first week of CsA daily administration, which was then 

decreased gradually afterward in the following observation intervals (146). 

 

Contrary to the other side effects of CsA treatment, the accumulated new 

cementum layers induced by CsA administrations persist, structurally and 

functionally, for a long period of time after the termination of the treatment 

regardless the type of the drug administration route (144, 147). This finding could 

be directly related to the fact that dental root cementum resists resorption and does 

not undergo physiological remodeling (92). 

 

Several suggestions have been made in order to illustrate the mechanism behind 

the ability of CsA to induce new cementum formation. The method that CsA 

stimulates the cementum formation could be similar to the process that is 

responsible for the overgrowth of gingival tissues induced by the drug 

administration (143). CsA can directly stimulate the deposition of dense collagen 

by the fibroblasts in the gingival tissues and also decrease the collagenolytic 

activity by reducing collagenase expression and increasing the production of 

tissue inhibitor of metalloproteinase by fibroblasts (125, 126). Moreover, as 

discussed earlier, the cells activities during cementum development, maturation 



 

 49 

and regeneration have been linked to the expression of specific growth factors 

including transforming growth factor-β and platelet-derived growth factor (73). 

CsA is therefore capable in stimulating the production of these growth factors in 

the periodontium around the dental root (128, 129). On the other hand, it has been 

suggested that the increase in cementum deposition could be a compensatory 

response for the possible decrease in the alveolar bone mass around the dental 

root as a result of CsA treatment (146). 

 

2.3.5 CsA Effect in Orthodontic Treatment 

The increasing number of patients who undergo organ transplant made it 

inevitable to find patients receiving a CsA medication in orthodontic clinics. 

Certain points should be considered during orthodontic tooth movement in 

patients receiving CsA treatment. Gingival overgrowth (GO) induced by CsA 

could complicate the placement of appropriate orthodontic appliance. During 

orthodontic treatment, GO may cover brackets, occlude buccal tubes, delay teeth 

eruption, and prevent space closure (149, 150). As well, the orthodontic appliance 

itself can complicate the use of conventional oral hygiene measures. This usually 

results in more plaque accumulation that can increase the potential and the 

severity of CsA induced GO during the presence of the appliance. Management of 

such complications would require a combined periodontal and surgical approach 

in order to improve oral hygiene and re-contour the gingival tissues (149, 150). 
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It is recommended to postpone any orthodontic treatment for at least 6 months 

after starting the CsA course, since the peak of gingival overgrowth usually takes 

place during the first months of the CsA therapy (149). Using small size brackets 

and avoiding cemented bands around teeth would help reduce the irritation of 

gingival tissue caused by any contact with the orthodontic appliances (149). 

Moreover, modification of orthodontic treatment plan might be required in CsA 

treated patients. The overgrowth of gingival tissues caused by CsA could prevent 

the total space closure between teeth. Therefore, a non-extraction treatment plan is 

preferred in order to minimize the potential of residual spaces that resist closing at 

the end of treatment (150). Bonded fixed retainer is also recommended in order to 

prevent space opening after treatment. Nevertheless, the retainer should be 

properly designed in order to avoid gingival impingement and plaque 

accumulation as possible. On the other hand, the continual change in gingival 

tissues architecture requires the arrangement of retainer-check appointments more 

frequently to ensure full seating of the removable retainers (149, 150). 

 

2.4 Low-Level Laser Therapy 

2.4.1 Laser 

Laser is a general term used to describe a distinctive kind of electromagnetic 

radiation that is produced by special devices in a form of light. Electromagnetic 

radiation is a form of energy, which travel at speed of light and propagates 

through free space or material medium by exhibiting the properties of both waves 

and particles at the same time. This means that electromagnetic radiation has two 
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unique characteristics: travels at speed of light in a form of “waves” with all the 

essential properties of a wave (e.g. wavelength, polarization, interference); and 

also consists of “particles” that display the major properties of a particle (e.g. 

reflection, refraction, influenced by gravity) (151). To illustrate the relation 

between these two seemingly different behaviors, it is easier to understand the 

basic unit of all electromagnetic radiation, which called photon. A photon exhibits 

the properties of both a wave and a particle. Moreover, a photon carries a certain 

amount of energy called photon energy. The longer the wavelength, the lower the 

photon energy, and vice versa (151). 

 

The wavelength is determined by measuring the distance between consecutive 

points of the repeated waves such as the distance from the one wave peak to the 

peak of the next one (152). Electromagnetic radiation is also measured in 

frequency, which represents the number of occurrence of successive peaks per 

unit time (e.g. second), or the number of wave passes per second. Frequency is 

calculated in unit hertz, which is the number of successive waves per second. 

Therefore, the wavelength is inversely related to frequency. The longer the 

wavelength, the lower the frequency, and the vice versa (152). 

 

The range of wavelengths of electromagnetic radiation is plotted on the 

electromagnetic spectrum. This range extends from the highest frequency gamma 

rays, which have the shortest wavelength of less than 0.1 nanometer (nm), to the 

lowest frequency radio waves with wavelength longer than hundreds meters (152). 
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In physics, the term “light” describes a form of electromagnetic radiation with a 

wavelength range measured in nanometers. Light range extends in a very narrow 

region within the electromagnetic spectrum, whereas the visible light, which we 

see with our eyes, extends in an even narrower region (152).  

 

We perceive visible light as the colors that the human eye can detect. Visible light 

consists of the seven rainbow colors: red, orange, yellow, green, blue, indigo, and 

violet. Each color has a different wavelength, ranging from dark red (750 nm), 

which has the longest wavelength, to violet (400 nm), which has the shortest 

wavelength (152). Other wavelengths such as infrared (longer than 750 nm) and 

ultraviolet (shorter than 400 nm) are also considered light even though they are 

not visible by human eyes. The range of laser light includes all the infrared, 

visible, and ultraviolet wavelengths. (152). 

 

The term "laser" is an acronym stands for “Light Amplification by Stimulated 

Emission of Radiation”. Albert Einstein theorized the concept of stimulated 

emission of electromagnetic radiation based on his quantum theory of light (153). 

He stated that when the atoms are exposed to an outside source of energy, a 

photon would be released from an excited atom and interacted with a second 

excited atom. This process would result in the release of two identical photons 

that travel in the same direction. These identical photons would interact with 

additional excited atoms and continue to multiply through the process of 

stimulated emission. Therefore, the outcome of this process would be transmitted 
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as light energy that is composed of identical wavelengths (152). Landberg verified 

the laser theory and laser was practically produced thereafter (151). Maiman 

introduced the first commercially available laser device, forty years after the 

publication of Einstein’s first theory (154). 

 

Laser light demonstrates the major properties of light. However, the light emitted 

by laser devices acts differently than other ordinary forms of light, such as light 

produced by a light bulb. The unique characteristics of laser light come from the 

behavior of its waves and energy, which are considered collimated, coherent, and 

monochromatic (151, 152). Laser light beam is collimated because its waves are 

travelling in a nearly parallel manner to one another with less amount of 

divergence, which maintain the beam intensity over long distances. Laser light is 

coherent because its photons are organized in phase with one another and travel in 

the same direction at the same time in a consistent relationship. Two laser waves 

are considered coherent as the peak of one wave aligns with the other wave peak, 

and thus improves the amplitude or the power of the resultant laser beam. 

Monochromatic nature of laser light means that its beam is made up of a single 

wavelength (single color) or a narrow range of wavelengths or colors. Therefore, 

laser is an extremely efficient way to deliver energy because it uniquely combines 

the three aforementioned properties (collimated, coherent, and monochromatic). 

On the other hand, laser also shares other properties with regular light. For 

example, laser light is polarized when all its waves oscillate in the same plane 

(151, 152). 
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Regardless of the variations in the wavelength, output power, and size, every laser 

device consists of three major components including: an energy source, a lasing 

medium, and a resonance cavity. The energy source could be a high intensity 

strobe light or an electrical current. The energy from the source activates the 

lasing medium, which is composed of one of the following state: a solid medium 

consists of electrically non-conducting crystal (solid laser); a solid medium with a 

semiconducting crystal constituent (semiconducting or diode laser); a medium 

with mixture of gases in a closed vessel (gas laser); or a liquid state medium 

(liquid laser). The chemical elements of the lasing medium determine the 

wavelength of the produced laser beam. The resonance cavity (resonator) contains 

the lasing medium between two parallel mirrors on both ends of the cavity. One of 

the mirrors is 100% reflective; the other is 95% reflective. The 95% reflective 

mirror allows the laser light to exit the resonance cavity (151, 153). 

 

Laser application in medical field falls under two main categories: surgical and 

therapeutic laser treatments (155). The surgical lasers, also called hard lasers or 

high level lasers, provide high thermal energy that can be used for surgical 

purposes. On the other hand, therapeutic lasers, also called soft lasers, cold lasers 

or low level lasers, operate in low non-thermal energy at wavelengths assumed to 

stimulate various cellular activities which can be used clinically to promote tissue 

healing and reduce inflammatory reactions, edema and pain (155). 

 

Lasers have been studied for use in dentistry since their development. However, 
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in the past two decades, the clinical applications of lasers in dental practice have 

been a subject of substantial amount of research (156). In dentistry, several types 

of lasers have been defined and denominated according to: the physical state of 

the lasing medium (e.g., gas, liquid, solid state, or semiconductor diode) or the 

chemical composition of the lasing medium (e.g., Erbium: Yttrium Aluminium 

Garnet (Er:YAG)) (Table 1) (156). Moreover, for safety purposes, lasers have been 

classified according to the potential hazard to eyes and skin, from class I (the 

safest) to class IV (harmful) (156). 

 

Lasing medium Composition Wavelength(s) 

Argon Gas Laser 488, 515 nm 

KTP Solid Laser 532 nm 

Helium-neon Gas Laser 633 nm 

Diode Semiconductor 635, 670, 810, 830, 980 nm 

Nd:YAG Solid Laser 1064 nm 

Er.Cr:YSGG Solid Laser 2780 nm 

Er:YAG Solid Laser 2940 nm 

CO2 Gas Laser 9600, 10600 nm 

Table 1: common laser types used in dentistry (156). 

 

At the present time, several laser technologies are being used in dental practice. 

For example, Laser fluorescence systems have been developed for dental caries 

detection (157). Several laser devices with wavelengths in the middle-infrared 

range are used currently for preparing dental cavity and removing caries (156). 

Lasers also can be used as a curing source for dental restorative resins (158). Low-
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level laser energy is useful for photochemical activation of some oxygen-releasing 

dyes that are capable of eradicating some of the antibiotic resistance 

microorganisms, which exist in subgingival plaque (156). Laser energy is also used 

to initiate certain photochemical reactions used for photodynamic therapy, which 

has been employed in the treatment of malignancies of the oral mucosa, such as 

multi-focal squamous cell carcinoma (159). Surgical lasers are widely used in 

dental practice for various soft tissue procedures such as gingival contouring. The 

major advantage of surgical lasers lies in its ability to reduce operative bleeding 

and to decrease post-operative pain and complication (156). Surgical lasers were 

promoted for periodontal pocket curettage as a potential method to eradicate the 

pathogenic bacteria over the diseased dental root (160). However, no evidence was 

found to support the advantage of using Er:YAG surgical laser over the traditional 

scaling and root planning (SRP) in treating periodontal diseases (161). Moreover, 

surgical lasers, such as Nd:YAG, were found to cause more damage to the root 

surface when compared with the traditional SRP in periodontal pocket curettage 

(162).  

 

2.4.2 Laser/Tissue Interaction 

When applying laser light on tissue surface it can be reflected, scattered, absorbed 

or transmitted (163). Reflected light bounces off the tissue surface, which therefore 

limits the amount of energy that enters the tissue. However, when laser enters the 

tissue, its energy scatters by bouncing between the tissue’s particles, which results 

in the distribution of this energy over a large volume within the tissue. However, 
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when tissue components absorb laser light, they reduce its energy scattering. In 

general, energy absorption occurs after a certain amount of scattering of the laser 

beam and is responsible for the tissue reaction. Finally, transmission occurs when 

laser light irradiates and pass through a given tissue boundary (163).  

 

The concept behind using laser energy in the medical field is that different types 

of tissue reactions are identified following the energy absorption of different 

lasers’ wavelengths. First of all, absorption of laser energy by tissue is the first 

and the most important step to achieve any reaction. The first law of photobiology 

states: “there must be absorption before any reaction occurs”. Therefore, the 

mechanism of absorption is very important for the laser user to understand (164). 

For example, the fact that dark colored clothing becomes warmer in sunshine than 

lighter colored ones illustrates how different thermal reactions occur that are the 

consequence of the ability of different mediums to absorb light energy (164).  

 

Several laser exposure parameters affect the absorption of laser energy by the 

tissue and subsequently the reaction of this tissue to laser therapy; and thus should 

be considered beforehand when exposing a patient to a laser treatment (163). Laser 

parameters fall under two major categories: “inherent parameters” and “user-

controlled parameters”. Inherent parameters are fixed to each laser device, but 

could vary from a device to another, which include: wavelength of the laser light, 

waveform (beam type), beam mode, and the possible output power range. On the 

other hand, user-controlled parameters are the range of output variables that each 
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device is providing, which are selected by the user including: the output power of 

the laser beam, the size of the irradiated area, and the length of irradiation time. 

Selecting the appropriate laser device should be based on its inherent parameters 

according to the treatment goals and the expected treatment outcomes, whereas 

user-controlled parameters affect the treatment techniques and the range of the 

final biological responses (164). 

 

The wavelength of the laser light is the most important parameter that determines 

the degree to which the laser energy is absorbed by the target tissue (165). The 

distance that the laser beam travels within the tissue before losing its energy 

depends on how much tissue’s components absorb the light energy of that laser 

wavelength. Therefore, for a certain tissue type, every laser wavelength has a 

specific penetration depth (166). On the other hand, the output power of the laser 

light influences the energy of the penetrated beam, which in turn affects the 

absorption mechanism. However, the penetration depth of a particular wavelength 

is limited by the optical properties of the target tissue regardless how much is the 

output power of that wavelength (166). 

 

Tissue’s components are made up of a mixture of different substances that usually 

vary between tissue types. Each tissue type has a specific optical property, which 

allows some laser wavelengths to penetrate deeply, but prevents other 

wavelengths from getting through, limiting their absorption to only the external 

tissue’s layers (160). The optical properties of a tissue are not only identified by 
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the properties of their components, but also by the concentration and the 

distribution of theses components within the target tissue (i.e. tissue’s structure) 

(167). Water molecules, or macromolecules such as proteins, hemoglobin, and 

melanin are the principal absorbing components in biological tissues that 

influence the penetration depth of each particular laser wavelength (168). 

 

 

Figure 3: laser light absorption spectra by both melanin in skin and hemoglobin (HbO2) in 

blood (168). 

 

In general, water molecules are considered the main absorbing tissue’s 

components of laser light in infrared wavelengths spectrum, whereas proteins, 

melanin, and hemoglobin, are the major absorbers of the wavelengths in the 

ultraviolet and visible range of the spectrum (168). The absorption coefficients of 

both melanin and hemoglobin are illustrated in relation to a range of different 

laser wavelengths in Figure 3 (168). The larger the coefficient value indicates the 
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more absorption of the wavelength by the substance, and thus less penetration of 

this wavelength is expected through this substance.  

 

 

Figure 4: laser light absorption spectrum by water (168). 

 

Melanin is a natural pigment substance of skin that influences the tissue’s color 

and provides protection against the harmful ultraviolet radiation. The absorption 

coefficient of melanin shows a relatively constant increase across the laser visible 

wavelengths spectrum (from deep red wavelength at 750 nm to violet at 400 nm) 

toward the ultraviolet end (less than 400 nm) (168). Hemoglobin shows several 

increasing absorption peaks for laser wavelengths around 280 nm, 420 nm, 540 

nm, and 580 nm, which then exhibits a sudden decrease in the absorption of 

wavelengths starting at 600 nm toward infrared spectrum (more than 750 nm) 

(168). On the other hand, the absorption coefficient of tissue’s protein components 

increases in the ultraviolet range of laser light with an absorption peak of 

wavelength at 280 nm (168). The absorption coefficient of water (Figure 4), which 
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is an important component of most tissues, is small for laser wavelengths in the 

ultraviolet range and even smaller for those in visible light region. However, 

water absorption of laser light shows a gradual (non-linear) increase toward the 

far end of infrared wavelengths spectrum (168).  

 

The absorption of laser light at wavelength in the range of ultraviolet, less than 

400 nm, and visible light, between 400 nm violet and 750 nm deep red, depends 

mainly on the tissue relative content of melanin, and hemoglobin (168). In 

contrast, laser at far-infrared wavelengths, such as CO2 laser at 10600 nm, are 

almost completely absorbed by water, which limits the penetration of these lasers 

to the first few, water rich, tissue’s layers (164). However, laser wavelengths in the 

near-infrared spectrum are not strongly absorbed either by the tissue’s 

macromolecules or by water (168). Therefore, a “therapeutic window” of laser 

light is outlined in the wavelengths range between 600 nm and 1200 nm. In this 

spectral range, laser light penetrates deeply at a lower loss, and thus distributes the 

energy of the laser beam over a large volume within the target tissue (168).    

 

As discussed before, the relative depth of tissue penetration depends mainly on 

the laser light wavelength. However, as laser light pass through a given tissue, an 

attenuation of laser energy happens as an exponential decrease produced by the 

scattering and absorption by the tissue components (169). Table 2 approximates 

the tissue depth, which reduces the incident energy of various laser light 
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wavelengths to 37% of their original value before hitting tissue surface (163, 164, 

166, 167, 169-175).   

 

Wavelength (nm) of 

laser light 

Penetration depth 

(mm) before losing 

37% of its energy 

300 0.06 

400 0.09 

500 0.23 

600 0.5 – 1.0 

700 1.0 

800 2.0 – 3.0 

1000 3.0 

10600 0.03 

Table 2: tissue depth that reduces the energy of various wavelengths of laser light to 37% 

 

Laser energy can be delivered in varying waveforms that include continuous and 

pulsed, which describes the way in which the output power from the laser beam is 

distributed over time (160). Continuous wave lasers deliver a relatively large 

amount of energy to the tissue in a fixed and uninterrupted flow, usually at low to 

moderate power intensities. Continuous waveform is produced by emitting the 

laser beam at the same amount of power that has been set on the device, which is 

sustained for as long as the laser is emitted (160). Moreover, continuous waveform 

can be interrupted or gated by delivering repeatedly short laser streams at low to 

moderate power intensities with a precisely timed resting period in between each 

stream (160). However, it is important to understand that interrupting the 

continuous wave is substantially different from pulsed laser waveform. The latter 
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generates and repetitively delivers an ultra-short blast of laser energy at very high 

power peak, or intensity, compared to those with continuous or interrupted wave 

lasers. Pulsing the beam is performed by building up the energy for a certain 

period of time and then releasing it over a very short duration, which creating a 

pulse with a peak power, or intensity, much greater than what has been set on the 

device (160). 

 

The spatial distribution of the power in the beam is known as beam mode, which 

affects both the beam profile and the imprint pattern of the beam on the target 

tissue (164). A common beam mode for medical application is Gaussian mode, 

where the power of the beam is mostly focused in the center. The imprint pattern 

associated with Gaussian mode is characterized by a ‘hot spot’ at the center of the 

irradiated area and the incident power is decreasing as approaching the beam 

circumference (164). However, delivering the beam through fiber optic scrambles 

the pattern of the beam mode resulting in a homogeneous beam profile and 

imprint pattern (164). Moreover, the coherence of the laser light is reduced when 

delivering the beam through a fiber optic or other waveguide, resulting in about 

25% to 40% loss in the final output power of the delivered beam (151). Therefore, 

it is important to measure the final output power of the beam before each 

application when conducting the laser light through a fiber optic guidance in order 

to adjust the delivered power for any expected loss of energy. 
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Power is the instantaneous amount of energy that produced by the laser device, 

which can be precisely set and controlled by the user in association with other 

output parameters such as exposure duration and waveform. Mathematically, the 

total amount of the delivered energy (joules) is equal to the product of laser light 

power (watts) multiplied by the exposure duration (second) (e.g. 100 mW × 10 

seconds = 1000 mJ = 1 J) (163). The dose of laser irradiation is the amount of 

energy, which conducted into a given tissue. The application of a reasonable dose 

within an appropriate therapeutic window is required in laser therapy. However, 

the size of the irradiated area (spot size) is an important variable that should be 

considered when calculating the dose of the laser therapy, since the laser energy 

could be conducted through a small point (e.g. 1 mm2) or through an area of 

several square centimeters (151). Therefore, the dose can be expressed as power 

density. Mathematically, the power density (W/cm2) of laser beam is the product 

of power (watts) divided by the irradiated area (cm2). An appropriate power 

density (W/cm2) is necessary to trigger biologic effects, and therefore longer laser 

exposure may not compensate for low power output (176). However, it is useful to 

also express the dose of laser therapy as an energy density (J/cm2) when treating 

tissue surfaces for specific time. The energy density is calculated as the energy 

(joules) divided by the irradiated area (cm2). Power density is also referred to as 

the irradiance or intensity, whereas energy density may be called the dose or 

fluence (167).  
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The irradiated area (cm2) is calculated by using the formula related to the shape of 

the emitted spot. For example, for the circle shape spot, the irradiated area (cm2) 

is equal to π times r², where π = 3.142 and r = the radius or half the diameter of 

the laser spot in centimeters (164). Therefore, the value of the energy density is 

inversely related to the square value of the diameter of the irradiated area. For 

example, halving the diameter of the tissue surface spot size, with a fixed 

exposure time and output power, will increase the energy density by four; whereas 

doubling the spot size diameter will reduce the energy density by one quarter 

(164). In other words, if the irradiated area is 1 cm2, and the energy density is 

1/1 = 1 J/cm2, decreasing the area (e.g. 0.25 cm2), while fixing all other 

parameters, will increase the energy density (i.e. 1/0.25 = 4 J/cm2) (151). 

 

The dose calculation for pulsed laser waveform is different from what was 

previously discussed. For example, power density for pulsed lasers (W/cm2) is 

equal to (peak power of the pulse x pulse duration x pulses frequency) / irradiated 

area (cm2) (171). Therefore, the parameters of the laser device, such as 

wavelength, waveform and output power, should be clearly specified before 

planning any dose recommendation. Moreover, treatment prescription should 

clarify the following: the irradiated area, the exposure duration, the dose per 

irradiated area, the dose per treatment session, when different doses are given to 

different areas, intervals between treatment sessions, as well as the total dose for 

the whole series of treatment sessions for each patient (171). 
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As discussed earlier, absorption of laser energy by the tissue is required for the 

subsequent local and systemic tissue reactions to take place. In general, the optical 

properties of the target tissue determine the penetration depth of the laser energy 

at a certain wavelength (168). Moreover, the wavelength itself in addition to other 

parameters such as waveform, output power, exposure time, size of irradiated 

area, power density, and energy density are all very important factors that 

influence the energy amount of the penetrated laser beam, which in turn affects 

the absorption mechanism and the subsequent biological reactions, either thermal 

or non-thermal type of reactions that take place at tissue, cellular or even 

microcellular level (168). 

 

The second law of photobiology states: “for every photon absorbed: an activated 

particle such as atom, molecule or free radical is formed” (164). In other words, 

when a tissue particle absorbs laser photon, the photon energy is therefore 

transferred to this particle, which in turn raising the particle condition to an 

excited state. The way in which this excitation is dissipated will create a 

biological reaction (164). The useful applications of laser in medical field utilize 

several types of biological reactions include:  photothermal reaction; 

photoablative reaction; photodisruptive reaction (photomechanical or plasma 

induced); photochemical reaction; or photobioactivation reaction 

(photobiostimulation) (167). 
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Photothermal reaction occurs when the absorbed photon energy generates heat 

and elevates tissue temperature. Most surgical laser systems (high level laser) 

utilize tissue photothermal reactions that range according to the generated 

temperatures within the target tissues. When the laser energy raises tissue 

temperature above 40º C, the mildest photothermal reaction occurs in the form of 

protein denaturation, which is then changed as the temperature increases from 

coagulation (above 68º C) through vaporization (above 100º C) to carbonization 

in the higher temperature range (above 150º C). The mild forms of protein 

denaturation can be reversible while the remaining photothermal reactions are 

irreversible and destructive in nature (164). 

 

Photoablation reaction occurs when the absorbed photon energy results in a 

process of tissue decomposition due to the breakdown of the bonds between 

tissue’s substances, without a thermal involvement. This mechanism utilizes 

ultraviolet wavelength laser and is usually used for laser eye surgeries (167). 

However, photoablation term should be distinguished and not confused with the 

widely used term ablation, which is commonly used to describe any process of 

tissue removal by laser energy regardless of the mechanism behind it (167). 

Photodisruptive reaction, also utilized for laser eye surgeries, occurs when tissue 

absorbs high photon energy resulting in either the generation of shock waves, 

cavitation, or jet formation within the tissue (called photomechanical disruption). 

Photodisruptive reaction also happens in the form of plasma formation, which 

occurs when the absorption of the high photon energy results in the ionization of 
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tissue’s molecules and atoms, and thus increases the strength of the tissue local 

electrical field (167). In photochemical reaction, the energy of laser photon can 

activate a photosensitive compound that has been administered earlier in a target 

tissue. The activation of this photosensitive compound can be used for tissue 

diagnosis or even for releasing of therapeutic agent within a target tissue (164). 

 

When the absorbed photon energy alters the normal tissue behavior and metabolic 

rate, either of stimulative or repressive nature, without a significant thermal effect, 

the result is called photobioactivation reactions or photobiostimulation reactions. 

These reactions described the phenomena that occur following low-level laser 

therapy (LLLT), which is one of the more interesting and fastest growing 

applications of lasers in medicine (164).  

 

All the laser-tissues interaction mechanisms that are used in the medical field 

utilize energy density ranging from approximately 1 J/cm2 to 1000 J/cm2. 

However, power density of medical laser systems varies much greater from 

around 0.01 W/cm2 to 1016 W/cm2 according to the range of the required final 

biological responses (168). Therefore, the exposure duration of the proper power 

density is a very important parameter when selecting a specific type of laser-tissue 

interaction mechanism, since the correlation between the power density and 

exposure duration resulted in approximately similar energy density for the 

different types of biological interactions (168). Accordingly, the time scale can be 

divided into four sections as following: continuous wave or exposure time more 
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than 1 second for photochemical or photobioactivation reactions; 1 minute down 

to 1 microsecond for photothermal reactions; 1 microsecond down to 1 

nanosecond for photoablation; and less than 1 nanosecond for photodisruptive 

reactions (168). 

 

2.4.3 Low-Level Laser Therapy 

The basic concept of low-level laser therapy (LLLT) is that laser radiation has a 

wavelength-dependent capability to either stimulate or repress certain cellular 

behavior and metabolic rate in the absence of significant thermal effect (164, 169, 

176). Pioneer researchers assumed that low-level laser radiation only stimulates 

biological behaviors because of the initial reports indicated that LLLT was able to 

accelerate wound healing and hair growth. For this reason, the phenomenon was 

initially termed “biostimulation or photobiostimulation” (169). However, the 

following accumulated evidence found that LLLT not only able to stimulate, but 

also suppress some physiological functions in order to reach normalization and 

tissue homeostasis (176). Therefore, it could be more appropriate to identify such 

phenomenon as “laser photobiomodulation” or “laser photobioactivation” 

reactions in order to describe the possible stimulatory or suppressive alteration in 

normal tissue function and metabolic rate following irradiation of the tissue with 

low-level laser (176). On the other hand, the term “therapeutic laser” describes the 

purposes of using this approach in medical field. The terms such as “soft”, “cold”, 

“low intensity”, “low level”, and “low power”, all describe the low energy feature 

of the laser beam used in this method and the lack of significant increase in tissue 
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temperature following absorption of such energy (164, 169, 176). Since their 

development, several clinical applications of LLLT have been reported. LLLT 

dramatically promotes tissue healing, reduces edema and inflammation, attenuates 

pain, stimulates bone remodeling and repair, restores immune system imbalance, 

brings back the normal neural function following injury, equilibrates the abnormal 

hormonal level, and activates the process of endorphin release (176, 177).   

 

Proponents of low-level lasers point to the non-invasive nature of this kind of 

therapy (177). Lasers that have been used in LLLT are considered safe and 

classified as class III according to the safety classifications of medical devices, 

whereas surgical lasers are more harmful and classified as class IV (176). There is 

no report in the literature stating any harmful side effect of applying LLLT in 

medical field (176). However, the risk of eye injury during LLLT is possible, 

especially for high output power in the non-visible light range. Therefore, as a 

safety precaution according to the American National Standard for safe use of 

lasers in health care, the patient, the therapist, and everybody present in the room 

must wear protective goggles, specific for the used wavelength, during the LLLT 

procedure (176, 178). 

 

During the 1960s in Budapest, Mester was the pioneer in exploring and 

investigating the effect of LLLT. His first animal studies were done in order to 

clarify what he had thought a possible carcinogenic effect of LLLT(179). 

However, he found an increase in the epithelial growth during a wound healing 
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following the twice-a-week application of 1 J/cm² laser radiation (ruby lasers at 

694.3 nm wavelength) for three weeks (179). He also found that application of 

higher doses did not improve this effect, but in contrary, if the dose was increased 

too much, the result was opposite and the wound healing was inhibited (151, 179, 

180). This work established the concept of LLLT and over time it became more 

accepted due to the non-invasive nature of this laser and the lack of harmful side 

effect. Since then, it was obvious that low level laser irradiation can alter tissue 

behavior at the level of cells and subcellular organelles and thus offering a wide 

range of possible applications in medical field (151, 180).  

 

This work was followed by others who used HeNe (Helium-Neon) laser, a gas 

laser emitting continuous waves; at 632.8 nm wavelength with output power 

ranging between 1 to 5 mW. The HeNe laser was the most commonly used LLLT 

in the mid to late 1970s. The main disadvantages of the medically effective HeNe 

laser device are its size and also the relatively high price. In order to get a 

therapeutically applicable HeNe laser device with output power up to 100 mW, 

the size of the device then has to be much bigger which became difficult to handle 

for medical applications (151, 176). 

 

The recent advance in technology made it possible to construct laser devices with 

parameters that more suitable for therapeutic applications. Nowadays, both 

gallium-arsenide (GaAs) and gallium-aluminum-arsenide (GaAlAs), near-infrared 

wavelengths semiconductor diodes lasers, are considered ideal devices for 
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applying LLLT. There is a growing belief that these two devices not only are able 

to exert a wider range of biological effects, but also are more effective (151, 169). 

Most of the contemporary LLLT research and medical applications are done with 

GaAs and GaAlAs diodes with wavelengths ranging between 820 nm and 904 nm, 

even though HeNe devices are still used (169). 

 

The GaAs (gallium-arsenide; 904 nm) diode laser was introduced for 

biostimulation in the early 1980s. The emitted light of GaAs is non-visible in the 

infrared range. The energy of GaAs laser system can be delivered only in pulsed 

waveform due to the tendency of the device to overheat when run for long periods 

in continuous waveform. The typical GaAs system used in LLLT works with a 

pulse peak power up to 100 W and each pulse length ranging between 100 and 

200 nanoseconds (151). 

 

The GaAlAs (gallium-aluminum-arsenide) diode laser for biostimulation was 

developed in the late 1980s. The energy of GaAlAs laser system can be delivered 

in both continuous and pulsed waveform. The percentage of each substance used 

in the lasing medium indicates the wavelength of GaAlAs system, which could 

range from 660 to 890 nm (151). However, tissue peak penetrations were observed 

with GaAlAs laser system at 830 nm wavelength (164). In general, GaAlAs system 

proved to be more effective than the previous GaAs system; and also gives better 

biostimulation results than Nd:YAG (1064 nm) system even for the more deeply 

located tissue targets, without the heat related side effect that are usually observed 
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with the YAG system used for LLLT application (166). Early GaAlAs systems 

were only able to provide an output powers range from 10 to 30 mW, however 

since the late 1990s they have been improved to reach up to 500 mW. Studies of 

the effect of different output powers on the therapeutic outcomes of GaAlAs 

found that, any output powers below 60 mW result in a delayed biological effect; 

however output powers above 100 mW were sometime associated with the 

development of quasi-photothermal effect, which was characterized by episodes 

of pain exacerbation following involuntary muscular spasm and nerve syncope 

(166). Therefore, the recommended output power of the GaAlAs continuous 

waveform systems was set between 60 and 100 mW with power densities in the 

range between 1.5 W/cm² to 3 W/cm² (166). These power densities are too low to 

generate any significant thermal side effect (± 1º C) on the target molecules (166). 

The maximum increase of the tissue local temperature up to 1º C following the 

application of the aforementioned power doses was linked to the increase of the 

cells metabolic activities rather that the amount of energy associated with output 

power delivered by the laser beam (181). 

 

Not all lasers are appropriate for biostimulation. Wavelength of the laser light 

should be longer than 600 nm in order to trigger the required biological response 

(151). The majority of the published reports about the application of low-level 

laser in medical field were done by HeNe, GaAs, and GaAlAs laser systems (151), 

however biostimulatory effect have been also reported with other laser types such 

as Nd:YAG laser at 1064 nm (182) and CO2 laser at 10600 nm (183). As discussed 
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earlier, the penetration of laser beam in the range of far-infrared wavelength (i.e. 

CO2 at 10600 nm) is limited to the tissue’s outermost layers (164). Therefore, CO2 

laser at 10600 nm is not useful for stimulating the deeply located tissues as its 

entire energy is absorbed by the surface. On the other hand, even though lasers in 

the range of red visible light (e.g. HeNe at 632.8 nm) are able to penetrate deep, 

the peak penetration depth is observed with the near-infrared wavelength range 

(e.g. GaAs at 904 nm; GaAlAs at 820 to 840 nm; Nd:YAG 1064 nm) (164, 184). 

Contrary to the HeNe, GaAs, and GaAlAs laser systems, the main drawback with 

the use of Nd:YAG for biostimulation purpose is the potential significant thermal 

side effect, which could result in heat-induced tissue necrosis (185). 

 

As discussed earlier, wavelength of laser light is the most important determinant 

in how light affect tissue. The wavelength indicates the distance to which emitted 

laser beam is able to cross within a specific tissue. However, the energy of the 

laser light decreases at an exponential rate as the laser light pass through a given 

tissue, as a result of the scattering and absorption of laser energy by the tissue 

components (169). The light of HeNe laser with 632.8 nm wavelength at red 

visible range penetrates about 0.5 to 1 mm inside a tissue before losing 37% of its 

incident energy; however lasers light with longer wavelengths at near-infrared 

range (e.g. GaAlAs at 820 to 840 nm; GaAs at 904 nm) penetrate nearly to 3 mm 

within the same tissue before losing the same fraction of its energy (164, 166, 169-

174). 
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Early investigators have suggested the appropriate energy density dose for LLLT 

around 4 J/cm² (169, 179, 180). More recent reports indicate that the energy density 

between 4 and 6 J/cm² may be more appropriate (181). The ideal threshold of the 

cellular response to laser stimulation (optical window) was observed with energy 

density doses between 4 and 6 J/cm². Nevertheless, the energy of the laser light 

required the minimum time to reach the cellular response threshold if therapeutic 

dose was between 4 and 6 J/cm² (181). On the other hand, applications of LLLT 

using excessively high output power not only delivered laser energy too quickly, 

but also lead to low energy absorption by the tissue’s components and thus 

unsatisfactory response (181). Therefore, application of repeated low doses, at a 

given intervals sessions (e.g. once a day for two weeks) induces much greater 

effects than the same total dose given in one treatment session (151). 

 

Laboratory research showed that LLLT with energy density around 0.01 J/cm² 

could stimulate a cellular response (169). Therefore, the therapeutic penetration 

depth was defined as the possible distance that laser beam, with energy density 

around 4 J/cm², can pass through the tissue before attenuating its incident energy 

to the 0.01 J/cm² level (169). It was postulated that therapeutic penetration depth, 

of 4-6 J/cm² LLLT dose, is approximately equivalent to 8-10 mm for wavelength 

of 632.8 nm (HeNe lasers); 30-40 mm for wavelengths of 830 nm (GaAlAs laser); 

and up to 50 mm for wavelength of 904 nm (GaAs lasers) (172, 175). In conclusion, 

along with using the established energy density dose, the wavelengths of GaAlAs 

and GaAs lasers have been proved to have the required penetration depth to 
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deliver the appropriate amounts of their therapeutic energy, which in turn insure 

the optimum energy absorption by the tooth root surfaces and therefore trigger the 

intended biological response. 

 

There are two established techniques in LLLT that have been used to deliver the 

laser beam to the target tissue surface. This means that application of the laser 

light on the tissue surface has two ways: the contact technique when the delivery 

device directly touches the tissue surface; or the non-contact technique by holding 

the delivery device at a distance away from the tissue (164). The non-contacting 

technique itself can be used in two different ways: either by holding the delivery 

device steadily on one spot; or by scanning the beam across the target tissue. 

There are certain cases where non-contacting LLLT technique is preferred 

especially when treating open wound and burn tissue. On the other hand, contact 

LLLT technique can increase the purity of the laser beam received by the tissue 

and thus increase its penetration depth. Therefore, it has been suggested that the 

most effective application of the LLLT should be the contact technique whenever 

possible (164). The irradiated surface area in the contact technique is equal to the 

aperture size. Moreover, applying pressure in contact LLLT technique may 

assures deeper penetration by thinning the overlying tissue and providing a degree 

of blanching of the superficial blood vessels (164). 

 

Anyway, whatever the technique used to deliver the low-level laser beam, the 

incident angle of the beam when touching the tissue surface should be as 

perpendicular as possible to improve the beam penetration by minimizing the 
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reflection or refraction of the laser light (181). For all these reasons, when planning 

for intraoral application of LLLT over dental roots, it is recommended to use the 

contact technique at a right angle when possible in order to improve the 

penetration capability of the laser beam and therefore maximizing the expected 

therapeutic effect (Figure 5) (176). 

  

 

Figure 5: intraoral application of LLLT (176). 

 

2.4.4 Some Biological Actions of LLLT 

Several laboratory studies and clinical investigations have found that LLLT can 

influence the behavior of many cell types simultaneously, resulting in favorable 

tissue response that can be used clinically to treat, stimulate, or normalize several 

medical conditions (177). The effects of low-level lasers on the oral tissues have 

been investigated. LLLT can stimulate and accelerate the healing processes of oral 

wounds in tissues such as the soft tissues and the dental alveolar bone (186).  

 

Several studies have been done to illustrate the mechanism behind the ability of 

LLLT to accelerate oral wounds healing (186). It was found that LLLT (pulsed 

wave GaAs at 904 nm wavelength) is capable of activating the production of the 
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latent transforming growth factor-β (TGF-β) complex (187). Moreover, an increase 

in expression of TGF-β was reported even under hypoxic condition in vitro 

following the LLLT (continuous wave GaAlAs at 808 nm wavelength) (188). 

TGF-β exerts a wide range of biological responses that are considered important 

in the process of wound healing (187). Another study investigated the stimulatory 

effects of LLLT on fibroblast proliferation. It was shown that LLLT (660 nm) is 

able to stimulate the production of basic fibroblast growth factor (b-FGF), which 

is a multifunctional polypeptide that is able to stimulate the proliferation and 

differentiation of fibroblasts during wound healing (189). 

 

LLLT was suggested to have anti-inflammatory effects in the periodontium. 

Application of LLLT (continuous wave GaAlAs at 830 nm wavelength) 

significantly reduces the production of prostaglandin E2 (PGE2) in human 

gingival fibroblast cells by inhibiting the expression of cyclooxygenase-2 (COX-

2) gene (190). Moreover, it was found that LLLT can stimulate the remodeling of 

periodontal tissue by inducing collagen synthesis, equilibrating the secretion of 

various remodeling matrix metalloproteinases enzymes, and inhibiting gene 

expression of pro-inflammatory cytokines such as interleukin-1 (IL-1) (191). 

 

Several studies have reported that LLLT (GaAlAs) can stimulate bone formation, 

enhance bone repair, and improve the quality of bone structure by influencing the 

appropriate cellular functions that provide the favorable environment to accelerate 

the primary bone regenerative process (192-194). It was shown that, a daily 
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application of LLLT for one week using a GaAlAs laser significantly accelerates 

bone repair during the wound healing process after tooth extraction in a rat model. 

This acceleration was due to both increased fibroblast proliferation and 

accelerated formation of bone matrix by osteoblasts cells (195). Speeding up the 

process of bone formation following LLLT application was not only linked to the 

increase in osteoblastic activity but also explained by the ability of LLLT to 

enhance bone vascularization (196) and increase ATP levels within target tissue 

(197); which in turn creating a favorable environment to stimulate bone formation 

that characterized by organized collagen fibers (198). On that basis, the efficiency 

of LLLT application to increase tissue vascularity was more evident by using 

GaAlAs system with wavelength around 830 nm (164, 199). Application of 

continuous wave GaAlAs (830 nm, 35 mW power, 1.4 J energy and 178 J/cm2 

fluency) at a single dose directly to surgically created bone defects, in rats, 

accelerated the bone repair process dramatically by optimizing the proper cascade 

of inflammatory response followed by an increase in the healing capacity of the 

target tissue that characterized by an enhanced tissue vascularity and increased in 

the production of ATP level (200). Moreover, application of continuous wave 

GaAlAs LLLT (around 830 nm wavelength) accelerated the process of bone 

healing and increased the amount of bone formation significantly during the 

consolidation phase after mandibular distraction osteogenesis in rabbits (201, 202). 

 

Besides the ability of LLLT to optimize the local conditions that accelerate the 

process of bone formation, the energy of the low-level laser is capable of 
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increasing the production of potent mediators that have a direct effect in 

stimulation the activity of calcified tissue’s forming cells. It was reported that 

LLLT (GaAlAs at 830 nm) could directly induce osteoblasts proliferation and 

differentiation in-vitro by increasing the activity of alkaline phosphatase, and 

stimulating the expression of osteocalcin that lead to an increase in the calcium 

level accumulation (203). It was also found that LLLT (GaAlAs at 830 nm) is able 

to stimulate the local production of insulin-like growth factor-1 (IGF-1) and bone 

morphogenetic protein (BMP) that are known as effective mediators in 

stimulating the formation of calcified tissue (204, 205). Moreover, the stimulatory 

bone formation effect of LLLT (GaAlAs at 830 nm) was linked to the increase in 

the expression of the osteoglycin gene, which is a small leucine-rich proteoglycan 

(SLRP), located in bone extracellular matrix, that is thought to play a role in bone 

tissue formation and mineralization (206). 

 

2.4.5 LLLT Effects in Orthodontic Treatment 

The special effect of low-level lasers in stimulating bone formation, either by 

providing the appropriate environment or by influencing the related cellular 

activity, offers an interesting treatment modality that is able to enhance the 

remodeling and regenerative capability of the periodontal connective tissues. 

Positive results have been reported in studies of the effect of LLLT on tooth 

movement during orthodontic treatment (207, 208).  
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Many studies confirmed that LLLT is able to reduce the level of pain during 

orthodontic treatment (209-212). A double blind clinical study found that only one 

or two applications of LLLT (continuous wave GaAlAs at 830 nm) were able to 

attenuate the pain intensity that usually happens during orthodontic tooth 

movement (213). Another single blind clinical study concluded that one time 

application of LLLT (continuous wave GaAlAs at 830 nm for 20 seconds per each 

of 6 different points per tooth with a dose of 5 J/cm² at 100 mW) was enough to 

significantly reduce the pain intensity in orthodontic patients after the placement 

of elastic separators (214). A recent randomized controlled clinical trial on a 

sample of 60 patients reported that LLLT (continuous wave GaAlAs at 830 nm 

for 22 seconds irradiation over each buccal and palatal root aspect with a dose of 

80 J/cm² at 100 mW) caused a significant reduction of the pain level up to 7 days 

following the activation of orthodontic final archwire (215). This decrease in pain 

level could be attributed to the ability of LLLT (continuous wave GaAlAs at 830 

nm) in inhibiting the local production of prostaglandin (PGE2) and interleukin-1 

(IL-1); since high levels of PGE2 and IL-1 trigger the process of pain induction, 

and both molecules are produced abundantly in the periodontal ligament (PDL) 

during orthodontic tooth movement (216). 

 

The effects of LLLT in accelerating tooth movement rate during orthodontic 

treatment have attracted attention (217-219). A study on rats concluded that the 

daily application of LLLT GaAlAs at 830 nm (continuous wave for 3 minutes at 

three different 0.6 mm diameter points with 100 mW and total 35.3W/cm² for 
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each tooth) significantly accelerates the rate of orthodontic tooth movement, 1.3 

fold greater than control, during 12 days treatment (220). This biostimulatory 

effect was explained by the ability of LLLT to enhance the alveolar bone 

remodeling capability that is characterized by a significant increase in the amount 

of bone formation and rate of cellular proliferation in the tension side of the dental 

root as well as the number of osteoclasts in the pressure side (220). Another animal 

study found that nine days of LLLT application (continuous wave GaAlAs at 830 

nm for 2.15 minutes at four different 0.6 mm diameter points with total 54 J/cm² 

for each tooth per day) significantly increased the amount of tooth movement in 

rats (221). This significant difference in the amount of tooth movement was 

noticeable starting from the day 3 after initiation of the orthodontic treatment in 

the LLLT group. The acceleration of tooth movement was linked to the 

stimulatory effect on the process of alveolar bone remodeling in LLLT group, 

indicated by the significant increases in the amount of bone formation, blood 

vessels dilatation, and periodontal cell proliferation in the tension side of the 

dental root as well as the increase in the number and activity of osteoclasts in the 

opposite pressure side (221-224).  

 

These findings were also supported by other clinical observations. A significant 

clinical acceleration of the tooth movement during canines’ retraction was 

reported in patients treated with only 4 days application of LLLT GaAlAs at 780 

nm wavelength (continuous wave for 10 seconds per each of the ten different 0.04 

cm2 spot area per tooth, at 20 mW; 5 J/cm²) during each month of canine 
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movement following the extraction of maxillary first premolar (225). Similar 

results were concluded by another clinical study using 4 days application of LLLT 

GaAlAs at 809 nm (continuous wave for 10 or 20 seconds per each of 6 different 

points per tooth, at 100 mW; with total 8J). LLLT causes a significant 

acceleration of the teeth movement and patients experience a significantly lower 

degree of pain level in teeth that received LLLT during the orthodontic treatment 

(226). A recent clinical study on a sample of 20 patients showed that 6 times of 

LLLT application (continuous wave GaAlAs at 808 nm for 10 seconds per each of 

10 different points per tooth with a dose of 0.71 J/cm² at 20 mW) significantly 

accelerated the retraction of the maxillary lateral incisors (208). 

 

The mechanism that LLLT accelerates the rate of tooth movement lies in its 

ability to stimulate the remodeling activity of the alveolar bone surrounding the 

dental root. Histologically, it was shown that 7 days of LLLT daily application 

(continuous wave GaAlAs at 808 nm for 10 seconds at 96 mW: 4.98 J/cm²) 

significantly increases the remodeling and the turnover rate of the connective 

tissues surrounding the root during tooth movement in rats (227). This study 

showed that LLLT significantly increases the expression of periodontal 

fibronectin and collagen type I, associated with dense connective tissue and an 

increase number of fibroblasts, osteoblasts, and undifferentiated mesenchymal 

cells (227). LLLT (continuous wave GaAlAs at 810 nm) is effective in stimulating 

alveolar bone resorption at the pressure side of the dental root during orthodontic 

treatment by regulating the activities of osteoclasts through the 
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OPG/RANKL/RANK system (228, 229). In the same way, LLLT (continuous wave 

GaAlAs at 830 nm) is also capable of stimulating bone formation and activating 

the cellular proliferation and differentiation of osteoblasts in the tension side 

during tooth movement (220, 221, 230). Moreover, it was reported that 7 days of 

LLLT daily application (continuous wave GaAlAs at 830 nm) significantly 

stimulated bone formation in the midpalatal suture during rapid palatal expansion 

(RPE) in rats (231). These results indicate that LLLT application at the range of 

830 nm wavelength is an effective modality in stimulating the remodeling activity 

and the regenerative capability of the connective tissues around the dental root. 

 

Finally, the use of justifiable parameters is essential to insure laser energy 

absorption by the target tissue and subsequently to produce the required biological 

response. Therefore, the application of too low output power laser could not 

trigger the required biological effects and could result in a delayed treatment 

response; and this could not be fully compensated by longer exposure duration 

(176). Reportedly, application of 5 mW output power, of two continuous wave 

LLLT at 850 and 630 nm wavelengths for 5 minutes, was too low to express the 

required stimulatory effect on the rate of orthodontic tooth movements in rabbits 

(232). Moreover, delivering the laser beam with an aperture size smaller than the 

target tissue size could limit the appropriate tissue irradiation and the energy 

absorption. It is also important to consider the relation between the aperture size 

and the treatment dose. For example, halving the diameter of the tissue surface 

spot size will increase the energy density by four. Accordingly, no significant 
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effect was found from the daily LLLT (continuous wave GaAlAs at 860 nm; 100 

mW; aperture size 0.09 cm2) on the rate of patients’ tooth movement (233). This 

could be explained either by the relatively small aperture size that failed to 

irradiate the whole periodontium surrounding the human dental root, or because 

the resulted energy density was very high (each point 25 J/cm2) to produce the 

stimulatory effect on the rate of tooth movement, since the application of far 

higher doses could give an opposite, inhibitory, response (151, 179, 180, 219).  
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3 STATEMENT OF THE PROBLEM 

Orthodontically induced tooth root resorption (OITRR) is a common deleterious 

consequence of orthodontic tooth movement resulting in the loss of the dental root 

structure. OITRR is a type of external root resorption, which originates from the 

pressure applied to the root during orthodontic tooth movement. This pressure 

produces an ischemic injury adjacent to the compressed root surface and 

subsequently initiates complex inflammatory interactions that are related to 

biological repairing and remodeling activities (1, 24). The frequency of teeth 

showing some grades of OITRR is quite high. However, only two to five percent 

of orthodontic patients experienced severe OITRR beyond one third of the root 

length (6, 7). The major effects of severe OITRR are related to an impaired tooth 

crown/root ratio that can go from mild tooth mobility to tooth loss (8). If OITRR 

could be prevented, it would be an important contribution toward reducing one of 

the most potentially negative side effects in an orthodontic treatment. 

    

Many possible factors that may cause or facilitate OITRR have been studied. 

These factors include: the amount to which dental root is displaced, treatment 

duration (10), magnitude of the applied force (11), direction of applied force (12, 

13), method of force application (continuous or intermittent) (13, 14), age (15), root 

morphology (16-18) and/or genetic factors (19). However, no claim can be made 

that OITRR is caused directly or exclusively by only one of these factors. For this 

reason, it is believed that other key causative and/or preventive factors have yet to 

be identified (5, 24). 
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The precise pathological events and trigger factors that are responsible for the 

initiation and the progression of the OITRR are still uncertain. However, 

breakdown of the cementum layer caused by orthodontic pressure is required to 

allow the process of root resorption to take place (9, 26, 97). Dental root surfaces 

are more resistant to resorption than alveolar bone because of the fact that the 

presence of an intact cementum tissue forms a protective barrier preventing 

resorbing cells from gaining access to the root surface (77, 91). This inherent 

relative resistance of cementum to resorption has been explained by the presence 

of the precementum, which is a thin non-mineralized layer covering the external 

surface of cementum (91). Moreover, viable cementum is essential for the vitality 

of the periodontal ligament cells around the dental root (77). Accordingly, healthy 

periodontal ligament can provide additional protection to the root structure during 

tooth movement either by acting like a cushion that diffuse the pressure against 

the root or by reducing the stress concentration at the compressed root surface by 

producing mediators that stimulate the appropriate remodeling of the opposing 

alveolar bone (76, 88-91). On the other hand, it is well documented that application 

of orthodontic force to move teeth with unfavorable cementum condition can 

increase the susceptibility of the dental root surface to resorption during 

orthodontic tooth movement (51). 

           

Based on the aforementioned reports from the literature, cementum layer 

augmentation may provide additional protection to dental root against resorption. 
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Clinical observations in patients with a history of earlier orthodontic treatment 

showed a decrease in the degree of root resorption during the second treatment 

(101). Moreover, less root resorption was found in children treated in two phases 

than in children treated in one phase orthodontic treatment (234). Hypothetically, 

this additional resistance against OITRR could be attributed to cementum 

remodeling during the first treatment (24). Therefore, tooth root surface 

remodeling by inducing new cementum formation might be an important 

preventive factor that influences the onset and the progression of orthodontically 

induced tooth root resorption (OITRR), and according to our best knowledge, this 

would be a novel discovery.  

 

Many studies have investigated the effect of a direct topical application of 

different growth and differentiation factors in order to induce cementum 

formation around a previously exposed dental root surface due to periodontal 

disease (102-106). However, unlike periodontally involved teeth, the dental root 

surfaces susceptible to resorption during tooth movement are usually not exposed 

to the outer oral environment and this makes these surfaces inaccessible to any 

therapeutic topical application (77). On the other hand, it was reported that the 

systemic administration of cyclosporine A (CsA) (127, 129), or the surface 

application of low-level laser therapy (LLLT) (187, 189, 204), can increase the local 

production of some growth factors around dental roots, such as transforming 

growth factor-β (TGF-β), platelet-derived growth factors (PDGFs), insulin-like 

growth factor-1 (IGF-1) and basic fibroblast growth factor (b-FGF). These factors 
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have been recognized as having a role in the cementum formation and 

development (73). For this reason, we proposed the systemic administration of 

CsA or the surface application of LLLT, as potential treatments to induce new 

cementum formation in sound dental root surfaces prior to tooth movement. 

 

Several studies have demonstrated that systemic administration of Cyclosporine A 

(CsA) induces the formation of significant amounts of new cementum over all 

dental root surfaces in rats (143-148). The amounts of the new cementum formed in 

all these studies were reported after one month of daily treatment of CsA, 

however, one study (146) reported that the highest apposition rates of new 

cementum were found in the first two weeks of the daily administration of a 

similar CsA dose. Moreover, the doses were well tolerated by the animals and the 

new cementum layer persists, structurally and functionally, for a long period of 

time after the termination of the treatment regardless the type of the drug 

administration route (144, 147). Administration of CsA by subcutaneous injection 

provides more consistent pharmacokinetic profile than any other administration 

route in rat model (117). A constant absorption rate with a steady serum level of 

the drug over the 24 hours was observed following CsA subcutaneous 

administration in rats. It was shown that daily dose CsA of 10 mg/kg of rats’ body 

weight by subcutaneous injection provided plasma peak and trough levels of 

around 1000 and 750 ng/ml, respectively, with a bioavailability reached about 

80% (117). CsA, a polypeptide produced by a fungus, is a potent 

immunosuppressive drug currently used to prevent rejection in transplant 
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medicine and in the therapy of autoimmune diseases (110). CsA was discovered 

during a search for new antibiotics. This drug exerts a broad range of 

pharmacological effects as well as a number of potentially significant side effects 

and adverse drug interactions (110). 

           

The non-invasive nature of low level laser therapy (LLLT), in combination with 

its ability to enhance tissue remodeling and repair, would theoretically make it a 

potential preferable method to stimulate new cementum formation in dental root 

surfaces. Therapeutic approach of LLLT is safe and completely different from 

surgical lasers. The mechanism behind LLLT is that laser radiation has a 

wavelength-dependent capability to either stimulate or repress certain cellular 

behavior and metabolic rate by absorbing laser light energy in the absence of 

significant thermal effect (164, 169, 176, 177). Several studies have reported that 

LLLT (GaAlAs) can influence the appropriate cellular activities, stimulate tissue 

vascularity, and increase the tissue ATP level that provide the favorable 

environment to accelerate the process of mineralized tissue formation (192, 193, 

200). Moreover, it was reported that LLLT (GaAlAs at 830 nm) is capable of 

increasing the production of potent mediators that have a direct effect in 

stimulation the activity of calcified tissue’s forming cells (203). On the other hand, 

it was shown that LLLT (GaAlAs) significantly accelerates the orthodontic tooth 

movement by stimulating alveolar bone remodeling, as indicated by the cellular 

proliferation and the enhanced mineralized tissue formation around dental roots 

(217, 220, 227). Moreover, several clinical trials found that LLLT application at 830 
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nm wavelength can reduce the intensity of orthodontic pain (213-215). This 

decrease in pain level was linked to the ability of the same wavelength LLLT in 

inhibiting the production of some inflammatory molecules such as prostaglandin 

(PGE2) and interleukin-1 (IL-1) (216). Therefore, it could be said that 830 nm 

wavelength LLLT can also enhance the cementum growth by providing more 

protection from any physiological process that lead to cementum resorption, since 

the high levels of both PGE2 and IL-1 are not only involved in pain induction, but 

also increase the susceptibility of mineralized tissue toward resorption (29, 30, 64, 

65). Theoretically, in order to stimulate cementum cells which are located deeply 

in the periodontal space, the near-infrared continuous wave gallium-aluminum-

arsenide (GaAlAs) low level laser at 830 nm (nanometer) wavelengths with 100 

mW (milliWatt) output power and exposures dose of 4 to 6 J/cm² per-treatment, 

would provide justifiable parameters to insure the appropriate energy absorption 

by the cells and thus stimulate the required tissue remodeling (164, 166, 169-174).  

 

There are several advantages that make rats a suitable model for this study. 

Obviously, the relationship between the pathological sequences of OITRR and the 

cementum biology cannot be attained in tissue culture. Several studies in literature 

about the effects of different biological and pharmacological agents on OITRR 

utilized convenient designs of orthodontic appliances in rats (40, 42, 46, 52, 58, 61, 

66, 67, 235-240). The rat model will offer the advantage of comparing our outcome 

results to studies using this same model and this can provide insights as to 

possible mechanisms that may have relevance in humans. Our major research goal 
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is to test the effect of cementum remodeling on root resorption due to orthodontic 

tooth movement. In light of this, only the rat model’s cementum has been tested 

and verified to respond to the systemic administration of Cyclosporine (CsA) (143-

147). Moreover, low level laser therapy (LLLT) application in rats has been tested 

and shows a significant remodeling activity in the connective tissues around 

dental roots (220, 227). Furthermore, the small physical size of the rat will enable 

the use of micro-computed tomography (micro-CT) as a potential non-invasive 

modality to investigate the cementum growth in an in vivo setting. Larger animals 

will not fit into the high-resolution micro-CT imager that is located at University 

of Alberta. However, the difference in “cementogenesis and cementum biology” 

such as “attachment mode of cementum to dentin and the rate of cementum 

apposition” between rodents and larger mammal species, including humans 

should be taken in consideration before suggesting a clinical application of any 

treatment modality (77). 
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4 RESEARCH OBJECTIVES 

• Evaluate and compare the amount of new cementum formed independently 

either by cyclosporine A, or by low-level laser therapy, in rats dental roots 

surfaces. 

 

• Investigate the role of the remodeled new cementum, induced either by 

cyclosporine A or by low-level laser therapy, on orthodontically induced tooth 

root resorption in rats. 

 

5 HYPOTHESES 

1- The pharmacological action of cyclosporine A will induce the formation of a 

significant amount of new cementum on rat’s dental root surfaces. 

 

2- The photobiomodulation action of low-level laser therapy will induce the 

formation of a significant amount of new cementum on rat’s dental root 

surfaces. 

 

3- Remodeling the rat’s dental root surfaces by inducing new cementum 

formation either by cyclosporine A, or by low-level laser therapy, would 

provide a significant protective effect against orthodontically induced tooth 

root resorption. 
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6 METHODOLOGY 

In order to accomplish the study objectives, a pilot study and two different animal 

experiments were performed. All the experiments procedures were done by the 

student (MA), except for the preparation of the histological sections.  

 

Female Sprague-Dawley (SD) rats (Biosciences Animal Service, Edmonton, 

Alberta), aged six weeks old (180 ± 10 grams) were used in all the experiments as 

will be discussed later. The animal experiments protocol was approved by Animal 

Care and Use Committee for Health Sciences at University of Alberta (animal use 

protocol number: 601). 

 

The animals were randomly distributed into labeled cages, two rats per cage, and 

housed at the University of Alberta Health Sciences Laboratory Animal Services 

(HSLAS) Facility. Ear notching identified each rat. All the animals in all the 

following experiments were given 7 days to adapt to the new environment and 

exposed to the standard 12-hour light/dark cycles. The animals were given water 

ad libitum and fed ground rat chow in powder form to create a soft diet that would 

help prevent orthodontic appliance breakage. The weight and general condition of 

all the animals were assessed daily throughout the study period. 

  

6.1 Pilot Study 

A small preliminary study was conducted to assess the feasibility of the planned 

in vivo analytical procedure for evaluating the cementum growth in response to 
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the proposed treatment in our main study. Four female, 6-week-old, Sprague-

Dawley (SD) rats were used and randomly divided into two experimental groups. 

Two rats received a daily dose of 10 mg/kg of cyclosporine A (CsA; Sandimmune 

Injection, Novartis) by subcutaneous injection for two weeks. The other two rats 

served as the control group and received no treatment.  

 

Initially, all of the pilot study animals were to undergo a high-resolution in vivo 

micro-CT scanning immediately before treatment start (Time 0) and at the end of 

the two-week treatment (Time 1). Each rat was exposed to radiation for 

approximately 50 minutes during the Time 0 micro-CT session. The images were 

obtained at a 9 µm resolution with a 0.025 mm thick titanium filter. However, 

severe tissue degeneration was observed in the right-side eyes of all the animals 

10 days after of the baseline micro-CT scanning session. We informed the 

University of Alberta Health Sciences Laboratory Animal Services (HSLAS) 

about the incident and decided to discontinue the pilot experiment by euthanizing 

all animals by CO2 asphyxiation. 

 

We found that increasing the duration of the radiation exposure during the micro-

CT scanning session, to acquire high-resolution in vivo images, affected the 

animals’ health and the study results. Therefore, we selected the low-resolution, 

non-invasive, scanning parameters for all in vivo micro-CT procedures in the 

main study, which will be discussed later in the first animal experiment (see 

below, section 6.2.3).  
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6.2 First Animal Experiment 

6.2.1 Experimental Procedures 

To investigate the effect of cyclosporine A, or low-level laser therapy, in dental 

root cementum formation and the root volume change, a total sample of 18 female 

Sprague-Dawley (SD) rats, aged six weeks old were used and randomly divided 

into three treatment groups of 6 animals (n=6) per each group as following: 

 

CsA Group: 6 rats received a daily dose of 10 mg/kg of body weight cyclosporine 

A (CsA) (Sandimmune Injection, Novartis) by subcutaneous injection for 2 weeks 

to induce new cementum formation and dental root volumetric change in both 

right and left maxillary first molars’ mesial roots. Sandimmune Injection is 

supplied in 1ml or 5ml sterile ampoules containing 50 mg of CsA per ml in 

polyoxyethylated castor oil and ethanol. This solution was diluted to 1:10 with 

normal saline immediately prior to use as indicated by the supplier. The rats were 

weighed twice a week in order to adjust the CsA dose. 

 

LLLT Group: 6 rats received a daily dose of low-level laser therapy (LLLT) for 2 

weeks to induce new cementum formation and root volumetric change in both 

right and left maxillary first molars’ mesial roots. An 830 nm wavelength gallium-

aluminum-arsenide (GaAlAs) laser system (MediCom Maestro) was used. The 

roots were irradiated by continuous wave at 100 mW output power using 0.05 cm2 

beam spot area and power density dose of 2 W/cm2. The output power was 

measured before each application by a gauge connected to the system (Figure 6). 
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Figure 6: measuring the output power prior to each LLLT application. 

 

 

 

Figure 7: surface application of low-level laser therapy. 
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A rigid light guide delivered the laser beam (Figure 7) by placing the end of this 

guide tip in contact with the gingiva over the roots of both right and left maxillary 

first molars at four different points, the mesial, buccal, distal and lingual sides, for 

each molar. Irradiation was performed for 3 seconds at each point, with total 

energy density dose of 6 joules/cm2 for each point once a day for 2 weeks. 

Animals of this group were anesthetized by Isoflurane inhalation daily prior to 

laser treatment to prevent device biting by the animal during the treatment. 

 

Control Group:  6 rats received no treatment for 2 weeks. The dental root 

volumetric changes, due to normal growth, and the cementum thickness of this 

group were used in order to evaluate and compare the effect of the other treatment 

groups in this experiment. 

 

6.2.2 Procedures Timeline 

All animals in the first experiment (CsA, LLLT and control groups) were 

subjected to in vivo micro-CT imaging at 18 µm resolution immediately before 

treatment start (Time 0) and at the end of the two-week treatment (Time 1). 

Animals were anesthetized by Isoflurane inhalation during the entire imaging 

session. The root volumes, of all maxillary first molars’ mesial roots, were 

obtained from the micro-CT analyses at each observation time point. Moreover, 

changes in dental root volume between the different observational time points, 

was calculated in response to each treatment.  
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At the end of the experimental time period, all animals were euthanized by CO2 

asphyxiation. All maxillary right and left first molars were then dissected and 

processed for histological evaluations. The mesial roots of all maxillary first 

molars of all the groups were subjected to histological analyses to compare the 

amount of new cementum induced by CsA and LLLT. The best treatment in 

inducing cementum formation was selected at the end of this experiment and used 

thereafter in the second animal experiment as will be discussed later. 

 

6.2.3 Micro-CT Imaging 

The micro-CT imager (Skyscan 1076) is located at University of Alberta, 

Pharmaceutical Orthopaedic Research Lab, at 2nd floor of the Katz Group Centre 

(room 2-108). At the time of each in vivo micro-CT imaging session, animals 

were transported directly from the HSLAS housing facility and then anesthetized 

using Isoflurane inhalation. Whilst under general anesthesia, rats were placed 

supine in an imaging bed and secured with masking tape to avoid movement 

during the imaging procedure. The imaging bed slides into the micro-CT imager, 

where the rat remains stationary under general anesthesia until the X-ray source-

detector pair has completed 180 degrees of rotation around the animal, in 

approximately 30 minutes. After each non-invasive imaging session, the animal 

was removed from anesthesia, permitted to recover, and then returned to the 

animal housing facility.  
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For the first animal experiment, two in vivo micro-CT imaging sessions were 

performed for all the animals immediately before treatment start (Time 0) and at 

the end of the two-week treatment (Time 1). The images were obtained at 18 µm 

resolution with 1 mm thick aluminum filter. After that, raw images data set was 

reconstructed (from tif files to bmps) by using NRecon software (version 1.4.4). 

Data analyses were performed on the reconstructed images by using CTAn 

software (version 1.6.1.0). The same micro-CT imager company (Skyscan N.V., 

Kontich, Belgium) provided the previously indicated software. 

 

 

Figure 8: micro-CT volume of interest consists of all the cross-section root slices below 

the furcation area. Starting from this slice (a) where the roots completely separated and 

proceed toward the root apex until the end of the root (b). 

 

Root volume was estimated by using micro-CT analyses from the first 

experiment. The mesial roots of all animals’ maxillary right and left first molars 

were projected and sliced in cross sections. Root volume was analyzed at each 

time point by including all the cross-sectional slices below the furcation area, 



 

 101 

starting from the slice where the roots completely separated (Figure 8a) and 

proceed toward the root apex until the end of the root (Figure 8b). After that, a 

region of interest was selected and drawn by including the area of each root 

(Figure 9a) through all the root slices that have been previously produced. 

Furthermore, a contrast threshold value was adjusted, fixed and applied to all 

slices in order to precisely include the root area and exclude the non-root area 

(Figure 9b). The threshold value was set to distinguish and include the area of root 

hard tissues from the surrounding periodontal soft tissues. Moreover, the area 

representing the soft tissues inside the radicular pulp was excluded because its 

density degree was similar to that displaying the periodontal soft tissues on the 

images. As a final step, the computer aggregated the included root area of all 

indicated slices and end up with a volume of interest that represents the dental 

root hard tissue volume. 

 

Figure 9: micro-CT region of interest. As shown in (a), select and draw the root area. (b), 

applying a threshold value to outline the root area; red area in (b) represent the area of 

root hard tissues. 
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6.2.4 Histomorphometric Analysis 

At the end of the first experiment time period, the animals were euthanized by 

CO2 asphyxiation. Each maxilla was immediately dissected. Specimens maxillary 

right and left first molar of each animal were cut and fixed in neutral-buffered 

10% formalin solution for 48 hours. After that all specimens were decalcified 

using 10% ethylene diamine tetra-acetic acid (EDTA) solution for 4 weeks and 

then embedded in paraffin.  

 

Once the decalcification was completed, all specimens were prepared for 

histological processing. The molars’ crowns were removed and the mesial roots of 

all maxillary right and left first molars were dissected and processed for 

histological evaluations. Ten cross-section slices, 5 µm thick, were taken at 50 µm 

intervals through the whole length of each mesial root, starting where the roots 

completely separated, below the furcation area, and proceeding toward the root 

apex until the end of the root. The sections were mounted on glass slides, stained 

with hematoxylin and eosin (H&E) and examined under a light microscope using 

ZEISS AXIO microscope (Carl Zeiss, Germany). 

 

The slides were prepared to be viewed in cross-section plane in order to show the 

cementum thickness in all the different aspects of the root surface. All slides 

pictures were taken by Optronics MacroFire digital microscope camera 

(Optronics®, California, USA). Using PictureFrameTM analysis software (version 
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2.3; Optronics®, California, USA), the extent of the cementum layer was 

calculated by multiple linear measurements that estimated the cementum width at 

each root aspects, the mesial, buccal, lingual and distal (Figure 10). The 

cementum thickness of each slide was calculated by averaging the extent of the 

cementum layer of all the root aspects in the slide. The total cementum thickness 

of each root is the average of cementum thickness of all its slides. 

 

 

Figure 10: measuring cementum thickness (10X scale). The black line represents the 

extent of cementum layer. The layers are (D) dentin, (C) cementum, and (P) periodontal 

ligaments. 

 

6.2.5 Statistical Analyses 

When comparing between unrelated animals that each has received just one 

treatment (between-subjects comparisons), ignoring the correlation between the 

right and left side measurements of each animal will lead to an underestimation of 

P value, which in turn result in an incorrect rejection of a true null hypothesis 

(type I error) (241). Therefore, measurements from the right and left molars of the 

same rat were averaged and used as a single variable per each animal in all the 

statistical analyses of the first animal experiment. For this reason, the final total 
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sample size of the first experiment was 18 roots (Total: n = 18). Each group 

sample size was 6 roots (n = 6 for each group). 

 

Due to the small sample size, non-parametric tests were considered the 

appropriate statistical models to use in the first animal experiment. The statistical 

tests were performed by using the software SPSS (IBM Corp, version21). 

 

The Root-Volume-Difference-Proportion (RVDP) variables were created 

mathematically from the data of the micro-CT analyses in order to perform the 

non-parametric tests. The Kruskal-Wallis non-parametric test was performed on 

the RVDP to compare the root volume change between all the treatment groups.  

 

Regarding the data obtained from the histomorphometric analyses, the following 

non-parametric tests analyzed and compared the amount of cementum thickness 

formed in response to each treatment. A Kruskal-Wallis test was performed to 

evaluate the cementum thickness between the three treatment groups. Three 

different Mann-Whitney tests were done to compare the mean cementum 

thickness between every two different treatment group. Moreover, four different 

Kruskal-Wallis tests were performed to compare the cementum thickness in all 

the four different root aspects (mesial, buccal, lingual and distal root surfaces) 

between the treatment groups. Furthermore, three different Friedman’s non-

parametric tests were performed to compare the cementum thicknesses between 

the different aspects of the root surfaces within each treatment group.  
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6.3 Second Animal Experiment 

6.3.1 Experimental Procedures 

Based on the results of the first animal experiment, where only LLLT exposure 

increased cementum thickness as will be discussed later in the results section, a 

follow-up animal experiment with split-mouth design was done in order to 

investigate the role of the LLLT-induced cementum overgrowth on the amount of 

root resorption caused by orthodontic tooth movement in rats. A sample of 10 

female Sprague-Dawley (SD) rats aged six weeks old were used in this 

experiment. However, whilst anesthetized by Isoflurane inhalation, one rat died at 

the beginning of the experiment, which resulted in a final total sample of 9 female 

SD rats for the second experiment.  

 

The right and left maxillary first molars of each rat were divided into treatment 

and control groups. All right side maxillary first molars served as treatment group, 

while all contralateral left side maxillary first molars were considered as control. 

The decision of which molars were allocated to treatment was made before 

starting the experiment. Because the operator is right-handed, the treatment was 

assigned to the right side in order to make the experiment easier to conduct in an 

animal model. There were 9 molars per each group (n=9), as following: 

 

Remodeled Cementum group: all right side maxillary first molars (n=9) of all the 

animals in this experiment, received a daily dose of low-level laser therapy 

(LLLT) for 2 weeks, using the same technique and dose that was used in the first 
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experiment (see above; section 6.2.1, LLLT Group), in order to induce cementum 

formation in the mesial roots. An 830 nm wavelength gallium-aluminum-arsenide 

(GaAlAs) continuous wave laser system (MediCom Maestro) was used at 100 

mW output power; with 0.05 cm2 beam spot area; and power density dose of 2 

W/cm2. The output power was measured daily, before each application, by a 

gauge connected to the same laser system (Figure 6). A rigid light guide delivered 

the laser beam (Figure 7) by placing the end of this guide tip in contact with the 

gingiva over the roots of right maxillary first molars at four different points, the 

mesial, buccal, distal and lingual sides. Irradiation was performed for 3 seconds at 

each point, with total energy density dose of 6 joules/cm2 for each point once a 

day for 2 weeks. Animals were anesthetized by Isoflurane inhalation daily prior to 

laser treatment to prevent device biting by the animal during the treatment. 

 

Control group: at the same time, all left side maxillary first molars of all animals 

in this experiment (n=9) received no treatment for the two-week period. All 

mesial roots of all the left maxillary first molar of the second animal experiment 

were considered the control to comply with a split-mouth design that was applied 

to this experiment. 

 

After two weeks, the LLLT treatments were stopped and orthodontic appliances 

were immediately placed in order to apply mesial orthodontic tooth movement of 

all the right and left maxillary first molars of all the animals for the next 4 weeks. 

The orthodontic appliance design was similar to the one described by Leiker et al 
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(66). For each animal, two nickel-titanium closed-coil springs (GAC Orthodontics 

Corporation, product number: 10-000-05) were placed between the maxillary 

incisors and both maxillary right and left first molars to produce 100-gram force 

(1 Newton). The exact force produced by spring’s activation was measured by 

dynamometer (Correx Gram Force Gauges, Haag-Streit) once at the initial 

activation (Figure 11). The springs were attached to the above-indicated teeth by 

0.010-inch ligature wires and were not reactivated during the experiment (Figure 

12). 

 

 

Figure 11: measuring the force applied by the closed coil spring. 

 

Rats were operated under Isoflurane inhalation general anesthesia in order to 

place the orthodontic appliances. The ligature wires were securely placed and 

tightened around the maxillary molars below the crowns height of contour. 

Moreover, grooves were prepared on the mesial, and distal surfaces of both 

maxillary incisors to assist placement of the ligature wires firmly around the 

maxillary incisors. Finally, in order to prevent breakage of the ligature wires, the 
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lower incisors were trimmed and a layer of composite resin was placed over the 

wires. The composite layer would also help preventing possible pulpal irritation 

due to grooves preparation. This orthodontic (Figure 12) model has been 

established and used by several studies in the literature and was effective in 

inducing root resorption (46, 66, 67). 

 

 

Figure 12: the orthodontic appliance design. 

 

6.3.2 Procedures Timeline 

The second animal experiment extended for six weeks. The daily LLLT treatment 

for all right side maxillary first molars lasted two weeks immediately before 

placing the orthodontic appliances bilaterally to move the right and left molars 

mesially over the next four weeks. 

 

At the end of the experimental time period, all animals were euthanized by CO2 

asphyxiation. The maxillae were then dissected and fixed in neutral-buffered 10% 
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formalin solution for 48 hours. After that, all maxillae were subjected to high-

resolution ex vivo micro-CT imaging. The mesial root resorption volumes of all 

maxillary right and left first molars caused by the orthodontic tooth movement 

were obtained from the micro-CT analyses to evaluate the effect of the initial root 

surfaces remodeling caused by LLLT treatment on the amount of OITRR. 

 

After that, all maxillary right and left first molars were then dissected and 

processed for histological evaluations. The mesial roots were subjected to 

histological analyses for further evaluation of the of root surfaces remodeling by 

inducing new cementum formation as well as the location and extent of root 

resorption caused by orthodontic tooth movement. 

 

6.3.3 Micro-CT Imaging 

The micro-CT imager (Skyscan 1076) is located at University of Alberta, 

Pharmaceutical Orthopaedic Research Lab, at 2nd floor of the Katz Group Centre 

(room 2-108). Each maxilla was exposed to radiation for approximately 50 

minutes during the micro-CT scanning. The images were obtained at 9 µm 

resolution with 1 mm thick aluminum filter. After that, raw images data set was 

reconstructed (from tif files to bmps) by using NRecon software (version 1.4.4). 

Data analyses were performed on the reconstructed images by using CTAn 

software (version 1.6.1.0). The same micro-CT imager company (Skyscan N.V., 

Kontich, Belgium) provided the software for images reconstruction and analyses. 
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The resorption volume of the external dental root surfaces was estimated in the 

second experiment by using micro-CT analyses. The mesial roots of all the right 

and left maxillary first molars were projected and sliced in cross sections through 

the whole length of each root below the furcation area, starting where the roots 

completely separated (Figure 8a) and proceed toward the root apex until the end 

of the root (Figure 8b).  

 

 

Figure 13: measuring resorption area. As shown in (a), select and draw the external root 

surface area. Then (b), applying a threshold value to outline the root resorption area; 

black area in (b) represents resorption area. 

 

For each root slice, different regions of interest were used in order to represent the 

area of all the different aspects of external root surface, the mesial, buccal, 

lingual, and distal. At each aspect, the region of interest was selected and drawn 

by tracing the estimated external root surface periphery, including the resorption 

area, whenever resorption was evident at the indicated aspect (Figure 13a) 

through all the root’s cross-sectional slices. After that, a contrast threshold value 

was adjusted, fixed and applied to all slices in order to precisely distinguish and 

include the root resorption area from that displaying the sound root hard tissue 
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(Figure 13b). As a final step, the computer aggregated the included resorption 

area from each region of interest of all the root’s slices and end up with a volume 

of interest that represents the volume of root resorption at each aspect of the 

external root surface. The total resorption volume of each root is the sum of those 

volumes in all its aspects. 

 

6.3.4 Histological Evaluation 

Once all the micro-CT analyses were completed, specimens include maxillary 

right and left first molar of each animal were cut and stored in neutral-buffered 

10% formalin solution for 48 hours. After that all specimens were decalcified 

using 10% ethylene diamine tetra-acetic acid (EDTA) solution for 4 weeks and 

then embedded in paraffin to be ready for histological processing.  

 

The mesial roots of all maxillary right and left first molars were processed for 

histological evaluations. Ten sagittal slices, 5 µm thick, were taken at 20 µm 

intervals through the whole bucco-lingual width of each mesial root. The sections 

were mounted on glass slides, stained with hematoxylin and eosin (H&E) and 

examined under a light microscope using ZEISS AXIO microscope (Carl Zeiss, 

Germany).  

 

The extent, location and severity of external root surfaces resorption in relation to 

cementum types in the second experiment were evaluated descriptively. The 

slides were prepared to be viewed in sagittal plane in order to show the overall 
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pattern of root resorption along the mesial and distal surfaces, which were 

supposed to receive the highest amount of pressure resulting from the tipping 

orthodontic tooth movement. At the same time, the sagittal view can be used to 

display any root shortening which is considered a severe form of root resorption 

caused by orthodontic tooth movement. All slides pictures were taken by 

Optronics MacroFire digital microscope camera (Optronics®, California, USA). 

 

6.3.5 Statistical Analysis 

The split-mouth design of the second animal experiment has made it possible to 

use of the Paired Samples t-test on the data obtained from the micro-CT analyses. 

Therefore, once the statistical test assumptions were validated, the Paired Samples 

t-test was used to measure the effect of the initial LLLT remodeling treatment on 

the resorption volumes of the dental root surfaces caused by the orthodontic tooth 

movement. The hypothesis of interest was whether the mean resorption volume of 

the root surfaces was the same in both groups. The statistical tests were performed 

by using the software SPSS (IBM Corp, version21).  
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7 RESULTS 

 
7.1 Evaluating the Amount of New Cementum Induced by CsA 

and LLLT from the First Animal Experiment 

All animals in the first experiment gained weight during treatment period. When 

performing a Kruskal-Wallis test, there was no significant difference between all 

groups regarding animals’ weights at each observational point, immediately 

before treatment start (Time 0) and at the end of the two-week treatment (Time 1). 

However, the weight difference between Time 1 and Time 0 was significantly 

more in the control group in comparison to the other treatment groups (Table 3). 

The control group received no treatment and that could explain the increase in 

body weight difference in this group. The stress of the daily LLLT application and 

CsA treatments might affect the normal body weight growth in both treatment 

groups. 

 

 
Body weights (g) 

Treatment 
Body Weight Weight 

Difference Time 0 Time 1 
Control 202 ± 11 248 ± 15 45 ± 7 a 

CsA 197 ± 7 231 ± 7 34 ± 6 
LLLT 197 ± 9 230 ± 9 33 ± 4 
Data are presented as mean ± standard deviation, when n=6 
CSA: Cyclosporine A; LLLT: low-level laser therapy 
Time 0: immediately before treatment start; Time 1: at the end of two weeks treatment 
a statistically significant compared with both other treatment groups, P-value < 0.05 

Table 3: body weights of animals in the first experiment. 
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7.1.1 Results Obtained from Micro-CT Analyses of the First Experiment 

7.1.1.1 Assumptions for the Statistical Tests 

The following box-plot (Figure 14) compares the root volume (mm3) of the three 

treatment groups (CSA, LLLT and control) at each observational point, 

immediately before treatment start (Time 0) and at the end of the two-week 

treatment (Time 1). 

 

 

Figure 14: root volumes before and after each treatment. 

 

As seen from the following Table 4, normality is not violated in the data obtained 

from micro-CT analyses for all treatment groups at each observation time point 

according to both Kolmogorov-Smirnov and Shapiro-Wilk values (non-significant 

p-values) 
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Treatment Kolmogorov-Smirnov Shapiro-Wilk 

Statistic df Sig. Statistic df Sig. 

Time0 

Control .289 6 .128 .898 6 .365 

CSA .247 6 .200 .869 6 .221 

LLLT .272 6 .186 .813 6 .077 

Time1 

Control .216 6 .200 .941 6 .665 

CSA .166 6 .200 .942 6 .677 

LLLT .185 6 .200 .920 6 .508 

Table 4: test of normality of data from first experiment micro-CT. 

 

Moreover, equal variance assumption is not violated between the treatment groups 

at each time points, as Levene’s test in the following Table 5 shows that the 

variance between the groups is not significant 

 

 Levene Statistic df1 df2 Sig. 

Time0 3.128 2 15 .073 

Time1 1.162 2 15 .339 

Table 5: test of homogeneity of variances of data from first experiment micro-CT. 

 

Based on the valid statistical assumptions, both parametric (see Appendices) and 

non-parametric tests are applicable to perform on the data obtained from the first 

experiment micro-CT analyses. However, the sample size for the first experiment 

was too small to accurately conclude the results based on parametric statistical 

analyses. For that reason, the non-parametric analyses were considered the most 

appropriate statistical models. 
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7.1.1.2 Statistical Tests 

Comparing the proportion of root volume difference 

Each root volume value was measured by micro-CT scanning at two different 

time points. In order to subject this type of data to non-parametric tests, Root-

Volume-Difference-Proportion (RVDP) variables were calculated by mathematic 

subtracting of the root volume value at the end of the two-week treatment (Time 

1), from the volume value of the same root immediately before treatment start 

(Time 0); then divide this emerging value by the root volume at Time 0. 

 

The following box-plot (Figure 15) compares Root-Volume-Difference-

Proportion (RVDP) of the three treatment groups (CsA, LLLT and control). 

 

 

Figure 15: Root-Volume-Difference-Proportion of each treatment group. 
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Kruskal-Wallis test (Table 6) shows that the mean Root-Volume-Difference-

Proportion (RVDP) is non-significantly different (p=0.067) between treatment 

groups, meaning that Root-Volume-Difference-Proportion is the same in all the 

three treatment groups. 

 
Null Hypothesis Test Sig. Decision 

The distribution of root volume 
difference proportion is the same 
across categories of all treatment 

groups 

Independent-Samples 
Kruskal-Wallis Test 0.067 Retain the null 

hypothesis 

The significant level is 0.05 

Table 6: Kruskal-Wallis test of RVDP between all groups. 

 
7.1.1.3 Summary of Micro-CT Analyses from First Experiment 

Parametric (see Appendices) and non-parametric analyses gave slightly different 

results, even though they both pointed to the same pattern of the differences 

between the treatment groups in this study. However, due to the small sample 

size, it is safer to lean toward non-parametric results on this data set.  

 

On the other hand, since each root volume was measured at two time points (Time 

0 and Time 1), new different sets of variables were created mathematically in 

order to subject those kinds of data to non-parametric analyses. Moreover, rather 

than merely considering the difference of root volume between the two time 

points (see Appendices), calculating the proportion of root volume difference to 

the root volume at the baseline, added some strength to the test and ruled out the 

effect of the inter-subject roots volumes variability between treatment groups at 

the baseline.   
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Therefore, the non-parametric tests on the Root-Volume-Difference-Proportion 

values were found to be the most appropriate statistical model for the data 

obtained from the in vivo micro-CT analyses of the first animal experiment. In 

conclusion, for two weeks treatment, neither LLLT nor CsA treatments have any 

significant effect (p=0.067) in changing the rat’s dental root volume when 

compared radiographically with the normally growing rats (control), even though 

LLLT group in average shows some stimulatory growth effect of root volume.  

  

Root volume (mm3) from micro-CT analyses 

Treatment 
Root Volume Root Volume 

Difference Proportion Time 0 Time 1 
Control 0.76 ± 0.06 1.17 ± 0.08 0.55 ± 0.09 
CsA 0.72 ± 0.16 1.02 ± 0.16 0.43 ± 0.18 
LLLT 0.71 ± 0.18 1.20 ± 0.13 0.73 ± 0.23 

Data are presented as mean ± standard deviation, when n=6 
CsA: Cyclosporine A; LLLT: low-level laser therapy 
Time 0: immediately before treatment start; Time 1: at the end of two weeks treatment 
Root-Volume-Difference-Proportion = (Time 1 – Time 0)/Time 0 

Table 7: summary of root volume analyses from micro-CT of the first experiment. 

 

The means and standard deviations of the root volume obtained from the micro-

CT analyses at each observation time are summarized in Table 7. Inference to 

population cannot be applied in an animal experiment, however, causal inference 

can be drawn from the results of this experiment because the random assignment 

of animals to each treatment group. 
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7.1.2 Results Obtained from Histomorphometric Analyses of the First 

Experiment 

 
7.1.2.1 Assumptions for the Statistical Tests 

The following box-plot (Figure 16) compares the total cementum thickness (µm) 

of the three treatment groups (CSA, LLLT and control) at the end of two weeks 

treatment. 

 

 

Figure 16: total cementum thickness of each treatment group. 

 

As seen from the following Table 8, normality is not violated in the data obtained 

from histomorphometric analyses for all treatment groups at the end of two weeks 

treatment according to both Kolmogorov-Smirnov and Shapiro-Wilk values (non-

significant p-values). 
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Treatment Kolmogorov-Smirnov Shapiro-Wilk 

Statistic df Sig. Statistic df Sig. 

Total Cementum 
thickness 

Control .230 6 .200 .865 6 .206 

CSA .229 6 .200 .912 6 .450 

LLLT .277 6 .166 .877 6 .257 

Table 8: tests of normality of histomorphometric data. 

 

Moreover, equal variance assumption is not violated between the treatment 

groups, as Levene’s test in the following Table 9 shows that the variance between 

the groups is not significant. 

 

Total cementum thickness  

Levene Statistic df1 df2 Sig. 

.538 2 15 .595 

Table 9: test of homogeneity of variances of histomorphometric data. 

 

The statistical assumptions were valid to apply the one-way ANOVA parametric 

test on the data obtained from the histomorphometric analyses (see Appendices). 

However, the sample size of the first experiment was too small to accurately 

conclude the results based on the parametric statistical analyses. Therefore, the 

following non-parametric analyses were considered the appropriate statistical tests 

to examine and compare cementum thickness in response to each treatment in the 

first animal experiment. 

 



 

 121 

7.1.2.2 Statistical Tests 

Comparing the total cementum thickness between treatment groups 

Kruskal-Wallis test (Table 10) shows that the total amount of cementum thickness 

is not the same (p=0.019) between the three treatment groups (CSA, LLLT and 

control) after two weeks treatment. Therefore, at least one of the treatments has a 

significant effect on the mean amount of total cementum thickness on rat’s dental 

root surfaces.  

  

Null Hypothesis Test Sig. Decision 

The distribution of total cementum 
thickness is the same across 

categories of all treatment groups 
Independent-Samples 
Kruskal-Wallis Test 0.019 Reject the null 

hypothesis 

The significant level is 0.05 

Table 10: Kruskal-Wallis test of total cementum thickness between all groups. 

 

Another three different Mann-Whitney tests (the following tables) were done to 

compare the cementum thickness between every two different treatment groups. 

 

Two Mann-Whitney tests (Table 11) were done to compare the cementum 

thickness in LLLT group to both CsA and control groups. It was found that, two 

weeks of LLLT treatment increased the cementum thickness significantly on rat’s 

dental root surfaces in comparison to both CsA treatment (p=0.015) and control 

(p=0.015), as shown respectively in the following table (Table 11). 
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Null Hypothesis Test Sig. Decision 

The distribution of total cementum 
thickness is the same across 
categories of LLLT and CsA 

treatment groups 

Independent-Samples 
Mann-Whitney U Test 0.015 Reject the null 

hypothesis 

The distribution of total cementum 
thickness is the same across 

categories of LLLT treatment and 
Control groups 

Independent-Samples 
Mann-Whitney U Test 0.015 Reject the null 

hypothesis 

The significant level is 0.05 

Table 11: Mann-Whitney test of total cementum thickness between LLLT and CSA 

treatments; and between LLLT and control. 

 

On the other hand, there was no difference between the CsA and control group 

regarding the cementum thickness as shown from Mann-Whitney test (Table 12). 

Therefore, two weeks of CsA treatment had no significant effect on the amount of 

cementum thickness on rat’s dental root surfaces in comparison to control group. 

 

Null Hypothesis Test Sig. Decision 

The distribution of total cementum 
thickness is the same across 

categories of CsA treatment and 
Control groups 

Independent-Samples 
Mann-Whitney U Test 0.818 Retain the null 

hypothesis 

The significant level is 0.05 

Table 12: Mann-Whitney test of total cementum thickness between CsA and control. 
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Comparing the cementum thickness over the different aspects of the root surface 

between treatment groups. 

The following box-plot (Figure 17) compares the average cementum thickness 

(µm) at the different aspects of root surface of each treatment group. 

 

 

Figure 17: cementum thickness at each root surface of each treatment group. 

 

Four different Kruskal-Wallis tests (Table 13) were performed to compare all 

groups regarding the cementum thickness formed over the different aspects of 

rats’ dental root surface. The cementum thickness was significantly different 

between treatment groups at mesial (p=0.042), buccal (p=0.003) and lingual 

(p=0.042) surfaces. However, there was no significant difference (p=0.076) in the 

cementum thicknesses at the distal surfaces between all groups. 
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Null Hypothesis Test Sig. Decision 

The distribution of Mesial surface 
cementum thickness is the same across 

categories of all treatment groups 

Independent-
Samples Kruskal-

Wallis Test 
0.042 Reject the null 

hypothesis 

The distribution of Buccal surface 
cementum thickness is the same across 

categories of all treatment groups 

Independent-
Samples Kruskal-

Wallis Test 
0.003 Reject the null 

hypothesis 

The distribution of Lingual surface 
cementum thickness is the same across 

categories of all treatment groups 

Independent-
Samples Kruskal-

Wallis Test 
0.042 Reject the null 

hypothesis 

The distribution of Distal surface 
cementum thickness is the same across 

categories of all treatment groups 

Independent-
Samples Kruskal-

Wallis Test 
0.076 Retain the null 

hypothesis 

The significant level is 0.05 

Table 13: Kruskal-Wallis tests of cementum thickness at each root surface between all 

groups. 

 

On the other hand, another four different Mann-Whitney tests (Table 14) found no 

difference regarding cementum thickness in all the different aspects of root 

surfaces when compared between CsA group and control. 

 

Null Hypothesis Test Sig. Decision 

The distribution of Mesial surface cementum 
thickness is the same across categories of CsA 

treatment and Control groups 

Independent-
Samples Mann-
Whitney U Test 

0.240 Retain the null 
hypothesis 

The distribution of Buccal surface cementum 
thickness is the same across categories of CsA 

treatment and Control groups 

Independent-
Samples Mann-
Whitney U Test 

0.699 Retain the null 
hypothesis 

The distribution of Lingual surface cementum 
thickness is the same across categories of CsA 

treatment and Control groups 

Independent-
Samples Mann-
Whitney U Test 

0.589 Retain the null 
hypothesis 

The distribution of Distal surface cementum 
thickness is the same across categories of CsA 

treatment and Control groups 

Independent-
Samples Mann-
Whitney U Test 

0.310 Retain the null 
hypothesis 

The significant level is 0.05 

Table 14: Mann-Whitney tests of cementum thickness at each root surface between CsA 

and control. 
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Comparing the cementum thickness over the different aspects of the root surface 

within each treatment group. 

 

 

Figure 18: cross-section histological slides from different animals in LLLT treatment 

group. It is noticeable that the mesial (M) and buccal (B) surfaces show larger cementum 

thickness than both the distal (D) and lingual (L) surfaces. 

 
 

The previous cross-section-slide pictures (Figure 18) are samples of different 

mesial roots (from different animals) from LLLT treatment group at the same (5X 

scale) magnification values. It is noticeable that the mesial and buccal surfaces 

show larger cementum thickness than both the distal and lingual surfaces. 

 
 

Null Hypothesis Test Sig. Decision 
The distributions of Mesial, 
Buccal, Lingual and Distal 

cementum are the same within 
LLLT group 

Related-Samples Friedman's 
Two-Way Analysis of Variance 

by Ranks 
0.013 Reject the null 

hypothesis 

Ranks 
Surfaces of LLLT group Mean Rank 

Cementum thickness at Mesial surfaces 3.33 
Cementum thickness at Buccal surfaces 3.33 
Cementum thickness at Lingual surfaces 2.0 
Cementum thickness at Distal surfaces 1.33 

Table 15: Friedman’s test of cementum thickness between root surfaces within LLLT 

group. 
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This finding was confirmed by Friedman’s non-parametric test (Table 15), which 

compared the cementum thickness between the different aspects of the mesial 

roots after two weeks LLLT treatment. It could be concluded that, the cementum 

thickness was not the same between the different aspects of the mesial roots of the 

LLLT treatment group. 

 

On the other hand, the following cross-section-slide pictures (Figure 19) are 

samples of different mesial roots (from different animals) form CSA treatment 

group at the same (5X scale) magnification values. No noticeable difference can 

be found in cementum thickness between the different root surfaces 

 

 

Figure 19: cross-section histological slides from different animals in CsA treatment group. 

No difference in cementum thickness between the different root surfaces. 

 

This finding was confirmed by another Friedman’s non-parametric test (Table 

16), which compared the cementum thickness between the different aspects of the 

mesial roots after two weeks CsA treatment. It could be concluded that, the 

cementum thickness was the same between the different aspects of the mesial 

roots of the CsA treatment group. 
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Null Hypothesis Test Sig. Decision 
The distributions of Mesial, 
Buccal, Lingual and Distal 

cementum are the same within 
CsA group 

Related-Samples Friedman's 
Two-Way Analysis of Variance 

by Ranks 
0.050 Retain the 

null hypothesis 

Ranks 
Surfaces of CsA group Mean Rank 

Cementum thickness at Mesial surfaces 2.17 
Cementum thickness at Buccal surfaces 3.67 
Cementum thickness at Lingual surfaces 1.67 
Cementum thickness at Distal surfaces 2.5 

Table 16 Friedman’s test of cementum thickness between root surfaces within CsA 

group. 

 
The following cross-section-slide pictures (Figure 20) are samples of different 

mesial roots (form different animals) from control group at the same (5X scale) 

magnification values. The mesial and buccal surfaces show larger cementum 

thickness when compared with the distal and lingual surfaces. 

 

 

Figure 20: cross-section histological slides from different animals in control group. Notice 

the cementum thickness at the mesial (M), buccal (B), distal (D) and lingual (L) surfaces. 

 

This finding was confirmed by another Friedman’s non-parametric test (Table 

17), which compared the cementum thickness between the different aspects of the 

mesial roots of the control group. It could be said that, the cementum thickness 

was the not the same between the different aspects of the mesial roots of the 

control group. 
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Null Hypothesis Test Sig. Decision 
The distributions of Mesial, 
Buccal, Lingual and Distal 

cementum are the same within 
Control group 

Related-Samples Friedman's 
Two-Way Analysis of Variance 

by Ranks 
0.019 Reject the null 

hypothesis 

Ranks 
Surfaces of Control group Mean Rank 

Cementum thickness at Mesial surfaces 3.33 
Cementum thickness at Buccal surfaces 3.33 
Cementum thickness at Lingual surfaces 1.67 
Cementum thickness at Distal surfaces 1.67 

Table 17 Friedman’s test of cementum thickness between root surfaces within control 

group. 

 

7.1.2.3 Summary of Histomorphometric Analyses from First Experiment 

The same conclusion could be drawn from both parametric (see Appendices) and 

non-parametric results. Although the p-values were different, both parametric and 

non-parametric analyses showed the same pattern of the differences between the 

treatment groups regarding cementum thickness in this study. However, as 

mentioned before, it is safer to lean toward non-parametric results due to the small 

sample size. Therefore, the non-parametric tests on the cementum thickness 

values were considered the most appropriate statistical model for the data 

obtained from the histomorphometric analyses of the first animal experiment. 

 

LLLT group showed a significant increase in the cementum thicknesses (p=0.019) 

compared with both control and CsA groups. On the other hand, there was no 

difference (p=0.818) when comparing cementum thickness between control and 

CsA. Therefore, it could be concluded that, on average, two weeks of LLLT 

treatment has a significant effect on the formation of more new cementum on rat’s 
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dental root surfaces in comparison to both CsA treatment and control. The means 

and standard deviations of cementum thickness obtained from the 

histomorphometric analyses for each group are summarized in Table 18. Inference 

to population cannot be applied in an animal experiment, however, causal 

inference can be drawn from the results of this experiment because the random 

assignment of animals to each treatment group. 

 

Cementum thickness (µm) from histological analyses 

Treatment 
Averages of Root Cementum Thickness 

Mesial 
Surface 

Buccal 
Surface 

Distal 
Surface 

Lingual 
Surface 

Total Surfaces 

Control 113 ± 16 133 ± 41 72 ± 21 77 ± 27 99 ± 20 
CsA 97 ± 29 126 ± 38 96 ± 35 89 ± 39 102 ± 29 
LLLT 197 ± 68 a 215 ± 30 b 115 ± 28 126 ± 30 a 163 ± 34 a 

Data are presented as mean ± standard deviation, when n=6 
CSA: Cyclosporine A; LLLT: low-level laser therapy 
a statistically significant compared with both other groups, P-value < 0.05 
b statistically significant compared with both other groups, P-value < 0.01 

Table 18: summary of cementum thickness evaluation from the histomorphometric 

analyses of the first experiment. 

 

When comparing the cementum thicknesses between different aspects of the root 

surfaces within each treatment group, the mesial and buccal surfaces of the roots 

that received low-level laser therapy showed significantly more cementum 

thickness compared with the distal and lingual surfaces of the roots in the same 

group. Moreover, when compared with both other groups, the cementum 

thickness was significantly more in LLLT group was significantly more in all the 

root aspects except the distal surface.  
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On the other hand, there was no difference in the cementum thicknesses between 

the different aspects of the root surfaces within CsA group itself. In the same 

time, no difference was found in cementum thickness in all the different root 

surfaces in CsA group when compared with the control; even though, there was a 

significant difference in the cementum thicknesses between the different aspects 

of the root surfaces within the control group.  
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7.2 Evaluating the Effect of the LLLT-Induced Root Surfaces 

Remodeling on OITRR from the Second Animal Experiment 

All animals in the second experiment gained weight during the six-week study 

period. The following Error-Bar diagram (Figure 21) represents the body-weight 

growth curve of all animals during the six weeks experiment period, at two weeks 

interval. 

 

Figure 21: animals body-weight growth curve in the second experiment. 
 

The increasing rate of body weight growth had been affected slightly after 

implanting the orthodontic appliances. However, two weeks after appliances 

insertion, the rate of growth returned to normal. It seems that the appliances had 

an effect on the normal feeding process, which then return to normal once the 

animals had got used to their presence. Nevertheless, both treatment and teeth 

movements were well tolerated by all the animals in the second experiment, as 

observed by the increases in body weights and the well-being general conditions 

of all the animals.  
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7.2.1 Results Obtained from Micro-CT Analyses of the second 

Experiment 

7.2.1.1 Assumptions for the Statistical Tests 

The following box-plot (Figure 22) compares the total resorption volumes (mm3) 

of the external surfaces of the mesial root due to orthodontic movement between 

the Remodeled-Cementum group and control. 

 

 

Figure 22: total root resorption volume in both treatment groups. 
 

Both data are close to normal distribution. The control group is normally 

distributed according to the non-significant p-values form Kolmogorov-Smirnov 

and Shapiro-Wilk tests. However, the data from Remodeled-Cementum group 

showed more positive skewness with a presence of multiple outliers. The 

Kolmogorov-Smirnov and Shapiro-Wilk tests showed significant p-values for the 

Remodeled-Cementum group (Table 19).  
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 Kolmogorov-Smirnov Shapiro-Wilk 

Statistic df Sig. Statistic df Sig. 

Control .200 9 .200 .958 9 .773 

Remodeled Cementum .339 9 .004 .791 9 .016 

Table 19: tests of normality of total resorption volume data 
 

The statistical tests for data obtained from the split-mouth design study should 

consider the relation between groups and the matched-paired nature of the data. 

Therefore, a Paired Samples t-test was considered the appropriate model to 

perform on the matched-paired data obtained from micro-CT analyses of the 

second experiment. However, due to the apparent violation of normality 

assumption, two additional statistical tests were performed (see Appendices) in 

order to validate the results of the Paired Samples t-test. Therefore, the Paired 

Samples t-test was found robust enough to stand the apparent considerable 

violations of normality in the data of the present study. 

 

7.2.1.2 Paired Samples t-test of Micro-CT Data 

In order to test the hypothesis of this study, the following Paired Samples t-test 

was performed to analyze the effect of the initial LLLT-induced cementum 

remodeling on the amount of external root resorption caused the subsequent 

orthodontic tooth movement, with the following null hypothesis: 

Ho: the mean total amount of resorption volumes caused by orthodontic tooth 

movement is the same in the remodeled-cementum group and control. 
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 Mean N Std. Deviation Std. Error Mean 

 
Total Control .1208 9 .0387 .0129 

Total Remodeled-Cementum .0813 9 .0448 .0149 

Table 20 Paired Samples statistics of total root resorption volume. 
 

Pair 1 

Paired Differences 

t df Sig. 
Mean 

Std. 

Deviation 

Std. Error 

Mean 

95% Confidence Interval 

of the Difference 

Lower Upper 

Total Control –  

Total Remodeled-

Cementum 

.0395 .0444 .0148 .0054 .0737 2.674 8 .028 

Table 21: Paired Samples t-test of total root resorption volume. 
 

From the previous two tables (Tables 20 and 21), there is a significant difference 

(p=0.028) in the total amount of root resorption volume caused by orthodontic 

tooth movement between the LLLT treated roots and control. Therefore, roots that 

received LLLT treatment for two weeks showed significantly less root resorption 

caused by the subsequent tooth movement when compared with the control. In 

other words, the preexisting root surfaces remodeling caused by two weeks of 

LLLT treatment had a significant protective effect against root resorption during 

the four-week orthodontic tooth movement. 

 

Additional analyses were done in order to correlate the second experiment 

findings with those from the first experiment that showed more cementum 

formation on the mesial and buccal surfaces in comparison to the distal and 

lingual surfaces within the LLLT group. Two more Paired Samples t-tests were 
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performed on the micro-CT data of the second experiment to compare the 

resorption volumes (mm3) of mesial roots’ two halves (the mesial-buccal and the 

distal-lingual aspects) due to orthodontic movement between the Remodeled-

Cementum group and control. The following box-plot (Figure 23) compares the 

orthodontically induced root resorption volumes (mm3) of the mesial roots’ two 

halves, the mesial-buccal and the distal-lingual aspects, between the Remodeled-

Cementum group and control. 

 

 

Figure 23: root resorption volume at mesial-buccal and distal-lingual surfaces in both 

treatment groups. 

 

Two different Paired Samples t-tests (Table 22) showed no significant difference 

on the amount the orthodontically induced resorption volumes when comparing 

both roots’ two halves: the mesial-buccal (p=0.058) and the distal-lingual 

(p=0.158) aspects, between the Remodeled-Cementum group and control. 
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However, the difference in mean root resorption was more when comparing the 

mesial-buccal aspects, meaning that the protective effect, against root resorption 

of the preexisting root surfaces remodeling caused by two weeks LLLT, was 

greater on average on the mesial and buccal aspects of the dental root surfaces.   

 
 Paired Differences 

t df Sig. 
Mean 

Std. 

Deviation 

Std. 

Error 

Mean 

95% Confidence Interval 

of the Difference 

Lower Upper 

Pair 

1 

MesialBuccal Control – 

MesialBuccal Remodeled 

Cemetum 

.025 .0350 .0117 -.0011 .0526 2.2 8 .058 

Pair 

2 

DistalLingual Control - 

DistalLingual Remodeled 

Cementum 

.013 .0266 .0089 -.0066 .0342 1.5 8 .158 

Table 22: Paired Samples t-tests of resorption volume at mesial-buccal and distal-lingual 

surfaces. 

 
7.2.1.3 Summary of Micro-CT Analyses from Second Experiment 

When comparing the root resorption volume caused by orthodontic tooth 

movement between the formerly LLLT treated roots and the control, similar 

results were found from the parametric Paired Samples t-tests on the raw and log-

transformed data (see Appendices). Moreover, the exact same conclusion can be 

drawn from the non-parametric Wilcoxon Signed Rank tests on the raw data 

obtain from the micro-CT analyses of the second animal experiment (see 

Appendices). Therefore, the Paired Samples t-test was found to be robust enough 

to stand the considerable violations of the raw data normality assumption, 

meaning that the normality assumption was violated to some degree but the test 

still provided valid results when performed directly on the raw data. For these 
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reasons, the parametric Paired Samples t-tests on the raw values of root resorption 

volumes were found to be the most appropriate statistical model for the data 

obtained from the ex vivo micro-CT analyses of the second animal experiment. 

 
Orthodontically induced root resorption volume (mm3) from the micro-CT analyses 

Treatment 
Volume of Root Resorption 

Mesial and Buccal 
Root Surfaces 

Distal and Lingual 
Root Surfaces 

Total 
Root Surfaces 

Control 0.064 ± 0.029 0.057 ± 0.018 0.121 ± 0.039 

Remodeled 
Cementum 0.038 ± 0.025 0.043 ± 0.027 0.081 ± 0.045 a 

Data are presented as mean ± standard deviation, when n=9 
a statistically significant compared with the control, P-value < 0.05 

Table 23: summary of orthodontically induced root resorption volume from the micro-CT 

analyses in the second experiment. 

 
The means and standard deviations of the volume of orthodontically induced tooth 

root resorption obtained from the micro-CT analyses of the second experiment are 

summarized in the Table 23. In conclusion, the total volumes of root resorption 

due to orthodontic tooth movement were found to be significantly less (p=0.028) 

in the teeth exposed to LLLT compared with the control teeth that received no 

treatment. In other words, the preexisting root surfaces remodeling caused by two 

weeks LLLT treatment had a protective effects against root resorption caused by 

the following four weeks orthodontic tooth movement. Moreover, resorption 

volumes in the mesial and buccal root surfaces were less on average than in the 

distal and lingual root surfaces in the teeth that received LLLT compared with the 

same surfaces in the control group.  
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7.2.2 Results Discerned from Histological Evaluation of the second 

Experiment 

After completing the evaluation of the external root resorption volume from the 

micro-CT analyses, the extent and severity degree of roots surfaces resorption 

were evaluated histologically in the second experiment. 

 

Preparing the histological slides to be viewed in sagittal plane facilitates the 

description of the type and severity of the external root surface resorption along 

the mesial and distal sides, which were supposed to receive the highest amount of 

pressure resulting from the force applied by the tipping orthodontic tooth 

movement. Moreover, root shortening, which is a severe type of OITRR; can be 

displayed well in a sagittal view. 

 

On the other hand, only resorptions that happen in the mesial and distal plane can 

be displayed in the sagittal view, which make it less accurate to assess the amount 

of OITRR from the histological analyses compared with the micro-CT analyses. 

Moreover, due to an inappropriate preparation of the histological sections, it was 

difficult to get true mid-sagittal sections in the middle of the mesial roots along 

their entire vertical height for all the samples during the histological processing. 

This made it difficult to properly calculate the average of cementum thickness for 

some slides. For these reasons, the histological analysis of the second animal 

experiment was kept descriptive.    
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The following sagittal-sectioned slide images (Figures 24 and 25) are samples of 

different mesial roots (from different animals) from both Remodeled-Cementum 

and control group at the same (5X scale) magnification values. 

 

 

Figure 24: sagittal histological slides from Remodeled Cementum group. Black lines 

represent the highest cementum thickness; solid-line arrows point to external root surface 

resorption lacunae. 

 

 

Figure 25: sagittal histological slides from control group. Black lines represent the 

highest cementum thickness; solid-line arrows pointed to external root surface resorption 

lacunae; dashed-line arrow shows the root shortening. 
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It was visually noticeable that more cementum was formed over the roots surfaces 

that received LLLT treatment, before starting teeth movement, in comparison to 

control. Uneven increases in the cementum thickness were noticed over the apical 

portions of the LLLT treated root surfaces. Moreover, it was clear that external 

root surfaces of both groups showed a considerable amount of resorption due to 

the force applied by the orthodontic treatment. Histologically, there were no clear 

general trends to indicate which surface was more affected by resorption in both 

groups. However, in the roots surfaces that were exposed to the initial LLLT 

treatment, the resorption lacunae were mostly confined to the outer cementum 

layer with some extended even deeper to involve the outer layer of radicular 

dentin. On the other hand, roots surfaces of the control group showed more 

incidents of deep resorption lacunae that involves both cementum and the outer 

layers of dentin. Moreover, one mesial root sample from the control group (Figure 

25) clearly exhibited a sign of an irreversible root shortening process, which is 

considered a more severe type of OITRR.    

 

In conclusion, the histological evaluation of the second animal experiment was 

used to describe the type and the severity degree of the OITRR. An equal number 

of slides from each group were considered appropriately prepared and were used 

for the histological evaluation. The amount of root resorption caused by 

orthodontic treatment was evaluated and analyzed more properly from the micro-

CT analyses, however, the histological evaluation shows that the initial LLLT 
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treatment appears to not only decrease the volume of external root surface 

resorption, but also to decrease the degree of OITRR severity. Moreover, the 

apparent increase in cementum thickness covering the root apical portion may be 

related to the remodeling activities that had happened over the root surfaces that 

were exposed to LLLT immediately before starting the orthodontic tooth 

movement. 
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8 DISCUSSION 

8.1 Amount of New Cementum Induced by LLLT and CsA in the 

First Animal Experiment 

 

The first animal study evaluated the two-week treatment effect of either low-level 

laser therapy (LLLT) or cyclosporine A (CsA) on the formation of dental root 

cementum in rats. Histologically, we found that LLLT stimulated the remodeling 

of the dental root surfaces by significantly increasing the cementum layer 

thickness. More cementum was observed in the mesial, buccal and lingual 

surfaces in the LLLT group. In contrast, we did not observe any difference in 

cementum formation among rat molars treated with CsA. However, by 

performing in vivo micro-CT scans over the two-week timeframe on the same 

samples, we did not detect any significant change in the root hard tissue volume 

between the groups. 

 

The histological analyses in the present experiment showed a significant increase 

in the cementum thickness in the LLLT group compared with both the control and 

CsA groups. The primary mechanism underlying LLLT is that laser radiation, at a 

wavelength longer than 600 nm, has a capability to stimulate favorable cellular 

activities and metabolic rates by absorbing light energy (151, 164, 169, 176). 

However, laser wavelengths in the near-infrared spectrum have relatively greater 

penetration due to the fact that the energy of those wavelengths is not strongly 

absorbed by water or macromolecules within the tissues such as hemoglobin and 
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melanin (168). Therefore, many studies have reported that laser light in this 

spectral range, including the light emitted by our low-level laser system, is useful 

and more effective in biostimulating deep tissue (164, 166, 168, 184). According to 

the literature, the gallium-aluminum-arsenide (GaAlAs) LLLT system which 

emits laser at 830 nm wavelength is able to reach and stimulate tissue remodeling 

around the dental roots in rats by influencing the appropriate cellular behaviors, 

enhancing tissue vascularity, increasing alkaline phosphatase activity, reducing 

the production inflammatory molecules, and promoting the expressions of several 

growth factors and cytokines (203-206, 216, 220, 221, 230). 

 

The wavelength of laser light is the most important determinant of the biological 

tissue response following the LLLT application (165, 168). Each laser device has 

certain inherent parameters including the wavelength and waveform that cannot 

be changed by the operator (163). Therefore, before purchasing the LLLT system 

for this thesis project, laser wavelength and waveform were chosen based on the 

best available evidence in order to achieve the treatment goals (164, 168, 216, 220). 

On the other hand, the LLLT system provides several user-controlled parameters 

that can be precisely set by the user in order to control the treatment dosage (163). 

The use of a justifiable treatment dosage is essential to insure that the target tissue 

absorbs the low-level laser energy and subsequently produces the required 

biological response (163, 164, 166). A reasonably low dose of laser energy within an 

appropriate therapeutic window is necessary to trigger biologic effects, as 

delivering the same wavelength at far higher doses can cause an opposite, 
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inhibitory, response (151, 179, 180, 219). The application of too low output power 

laser can result in a delayed treatment response; and this cannot be fully 

compensated by longer exposure duration (176). In contrast, applications of LLLT 

using excessively high output power not only delivers laser energy too quickly, 

but may also limit the appropriate energy absorption by the tissue’s components, 

generating an unsatisfactory response (181). 

 

Based on the present study results, the utilized LLLT treatment dosage and 

duration have proved useful in stimulating cementum tissue growth. Reportedly, 

the output power, waveform, power density, and energy density of our LLLT 

treatment are considered within the optimum LLLT dose needed to stimulate any 

target tissue at an ideal cellular response threshold (166, 181, 219). Moreover, by 

delivering laser energy repeatedly at low doses in intervals (i.e., once a day for 

two weeks), this LLLT treatment protocol is assumed to induce much greater 

effects than the same total dose given in fewer treatment sessions (151). 

 

As it will be discussed in more detail in the next section, the major goal of this 

research project was to test the effect of increased root cementum thickness on the 

root resorption caused by orthodontic movements. Based on the current findings, 

it was decided that the outcome of this LLLT treatment dosage and duration was 

sufficient to accomplish the study objectives. However, further investigations are 

required in order to evaluate the exact dose-response or duration-response 

involved in LLLT-induced cementogenesis.  
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The biological responses following LLLT application require the absorption of 

laser energy by the target tissue through endogenous absorptive chromophores 

primarily residing at the microcellular level (242). Currently, it is widely accepted 

that the mitochondria is the main target organelle of low-level laser radiation (243, 

244). Photosensitivity is a well-known mitochondrial property in eukaryotic cells 

(245). The near-infrared low-level laser radiation is believed to be primarily 

absorbed by the photoacceptor cytochrome c oxidase, which is the terminal 

enzyme in the respiratory chain within the mitochondrial membrane (242, 243). 

 

Several intracellular signaling pathways, which originate from the functionally 

changed mitochondria, have been suggested in order to explain how the primary 

reactions of photons with photoacceptors in the mitochondrial respiratory chain 

are connected with genes upregulation and DNA and RNA synthesis within the 

cell nucleus (246). When the photoacceptor absorbs laser photons, the photon 

energy is transferred to this photoacceptor within the mitochondrial respiratory 

chain, and the photoacceptor is then raised to an electronically excited state. The 

excitation can activate other respiratory chain components and triggers electron 

transfer from electron donors to electron acceptors, via redox reactions, which is 

coupled with proton transfer (H+ ions) across the mitochondrial membrane (246). 

This process generates an electrochemical proton gradient called mitochondrial 

membrane potential (ΔΨm), which creates chemical energy compounds in the 

form of adenosine triphosphate (ATP) through oxidative phosphorylation (246, 
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247). It is known that even a small increase in the ATP level can significantly 

enhance cellular activity and metabolism (244, 246, 248). Moreover, altering ΔΨm 

can also release calcium ions (Ca2+) from the mitochondria into the cytoplasm, 

which in turn can trigger mitosis and cell proliferation by affecting gene 

expression in the nucleus via transcription factors such as nuclear factor kappa B 

(NF-kB) (244, 246, 248, 249). 

 

The generation of reactive oxygen species (ROS), such as hydrogen peroxide 

(H2O2), as by-products of the respiratory chain activation is also considered an 

important intracellular signaling factor that can modulate cellular functions (244, 

246, 248, 249). However, excessive production or inadequate removal of ROS, 

especially superoxide anions (O2
−), generates an imbalanced state of oxidative 

stress that can damage cellular components and disturb the proper intra- and inter-

cellular signaling (249, 250).  

 

A recent proteomic analysis found that unlike alveolar bone and periodontal 

ligaments, cementum matrix contains a unique antioxidant protein called 

superoxide dismutase 3 (SOD3) that provides additional protection against the 

effects of oxidative stress during cementum formation (250). SOD3 is one of a 

group of enzymes known to catalyze the dismutation reaction of O2
− into oxygen 

and H2O2 (250). Cementum cells are thought to express and secrete SOD3, which 

is then anchored to the extracellular cementum matrix; therefore, SOD3 is 

considered a biomarker for cementum tissues (250). Based on that, it could be 
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suggested that the unique composition of the cementum matrix could have the 

potential to balance the effect of LLLT on the mitochondrial respiratory chain 

activation by maximizing ATP synthesis and limiting ROS production to only the 

amounts required for the proper stimulatory cell signaling (249). 

 

The exact cellular processes and regulatory factors involved in LLLT-induced 

cementogenesis cannot be determined based on the present study results. 

However, the stimulatory effects of our LLLT treatment on cementum tissue 

growth could be explained by the aforementioned mechanisms. Therefore, under 

the conditions used in this study, energy absorption from our low-level laser 

treatment by cementum forming cells may promote their proliferation and 

enhance their ability to produce more cementum tissue.  

 

Controversies still exist regarding cementogenesis, including the exact origin of 

the associated cells, as well as the natures of regulatory factors involved in the 

elaboration of the two different cementum varieties, acellular and cellular (76, 80, 

251). The cementoblasts that are responsible for the formation of each cementum 

type behave differently in terms of the timing and speed of tissue formation as 

well as the manner of mineral apposition (252). The cellular cementum was 

thought to be a secondary type of the acellular cementum originating from the 

same cell lineage (252). However, numerous evidence suggests that the different 

cementum types represent distinct tissues formed by cells with different 

phenotypes and developmental origins (80, 251). 
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In rat molars, the acellular cementum is a thin mineralized layer covering the 

coronal half of the root and containing only extrinsic (Sharpey's) fibers, which are 

the embedded ends of the principal periodontal ligament fibers (252). The 

formation of acellular cementum begins during the early stages of rat’s root 

development by cementoblasts that differentiate in close proximity to the margins 

of the developing root (252). The acellular cementum is formed before tooth 

eruption as a slow accumulation of mineral on the developing root dentin surface 

(252). By contrast, the cellular cementum formation begins during the later stages 

of root development when the rat molar has reached occlusion approximately 25 

days after birth (253). Since then, the cellular cementum continues to grow rapidly 

on the apical portions of the root surfaces as cementoblasts deposit collagenous 

matrix (intrinsic fibers) around the Sharpey's fibers and become entrapped within 

this newly formed matrix in which mineralization occurs (252). 

 

In the present study, the increased cementum thickness in the LLLT group 

followed the normal cementum growth pattern. The growth of cellular cementum 

covering the apical portions of the root surfaces was more evident than the growth 

of acellular cementum, which is normally confined to the coronal half of the root. 

Interestingly, our findings are in agreement with those of another recent study that 

confirmed the ability of LLLT (continuous wave GaAlAs at 808 nm for 20 

seconds per each molar with a dose of 2 J/cm² at 100 mW) to significantly 

stimulate cellular cementum overgrowth without affecting the normal growth of 
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the acellular type during root development of rat molars (254). Therefore, it seems 

that the stimulatory effect of LLLT mainly targets the cellular type of cementum 

regardless of the root developmental stage. 

 

In the course of normal development, acellular cementum is maintained as a thin 

and uniform layer while the cellular cementum is characterized by ongoing, 

progressive apposition on the root surfaces. Several studies have reported that the 

energy of the low-level laser is able to increase the production of local potent 

mediators such as transforming growth factor-β (TGF-β) that have a direct effect 

in stimulating the activity of calcified tissue’s forming cells (187, 188). A recent 

immunohistochemical investigation suggested that the effect of TGF-β may be 

cell-type specific in the cementum since a strong immunostaining of connective 

tissue growth factor (CTGF), which is a down stream mediator of TGF-β, was 

detected in the cementocytes and cementoblasts associated with cellular 

cementum, but not in cementoblasts associated with acellular cementum (251). 

Moreover, cementum growth requires mineralization. Inorganic pyrophosphate 

(PPi) was recently identified as a potent inhibitor of hydroxyapatite crystal 

precipitation in acellular cementum, whereas cellular cementum was much less 

sensitive to fluctuations in the local PPi concentration (255). Therefore, PPi 

homeostasis could be employed by cementoblasts to curb cementum apposition in 

order to maintain the acellular cementum as a thin tissue on the root surface (255). 

Consistent with this, it is known that LLLT not only able to stimulate, but also to 

stabilize some physiological functions in order to reach normalization and tissue 
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homeostasis (176). Therefore, it could be the case that our LLLT treatment is able 

to optimize the local biological conditions surrounding the dental root, leading to 

a considerable increase in cellular cementum growth of the while maintaining the 

stability of the acellular cementum as a thin and uniform layer. 

 

Cementum thickness in both the mesial and buccal surfaces of the roots in the 

LLLT group was significantly greater than the thickness in the distal and lingual 

roots surfaces within the same group (Figure 18). The angle at which the laser 

beam hits the root surfaces could explain this variation in cementum thickness 

between the different root’s aspects within the LLLT group. In our experiment, 

the contact mode of the low-level laser guide tip was chosen to allow greater light 

permeability by thinning the overlying tissue and partially blanching the 

superficial blood vessels (164). However, due to the tissue architecture surrounding 

the rat’s maxillary first molar, only the mesial and buccal surfaces of the mesial 

root were exposed by a perpendicular laser beam when the tip of our laser light 

guide was placed in contact with the gingiva over the different root aspects. It has 

been suggested that the incident angle of the laser beam should be as 

perpendicular as possible when exposing the tissue surface in order to minimize 

the reflection of the laser light and thus maximize the energy available for tissues 

absorption to produce the expected therapeutic effect (181). Moreover, compared 

with both CsA and control groups, the cementum thickness in the LLLT group 

was significantly more in all the root aspects except the distal surface. This 

difference in the response to treatment between different root surfaces could be 
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attributed to the proximity of the root surface to the laser source. The absorption 

of an appropriate amount of laser energy by the target tissue is essential to 

subsequently induce the required biological reaction (176). However, the energy of 

the laser beam decreases as the laser light passes through the tissue, and therefore, 

the tissue response to the laser light decreases in deeper layers (165). The distal 

surface of the mesial root in the rats’ maxillary first molar is located deeper than 

the other surfaces, which may explain the different tissue response between the 

root surfaces in the LLLT group.  

 

Our histological analyses also showed no difference in the cementum thicknesses 

between the different aspects of the root surfaces within the CsA group (Figure 

19). Moreover, the daily CsA treatment over the two-week period had little, if 

any, effect on the cementum thickness on all the different root aspects when 

compared with the control group. Our findings regarding the CsA group appear to 

contradict the outcomes in the previous studies (143-148) after one month of daily 

CsA treatment. Therefore, it could be suggested that the stimulatory effects of 

daily CsA treatment on cementum formation may require longer than two weeks 

to take place. CsA treatment causes a temporary depression of mineralized tissue 

formation in bone during the first two weeks of daily treatment, which is followed 

by an increased mineralized tissue formation during later weeks according to one 

report (256). By contrast, another study (146) observed an increased cementum 

apposition rate during the first two weeks of daily CsA administration in growing 

rats. In that particular study, CsA was administered daily to 5-week-old rats for 7 
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weeks, and the cementum apposition rates subsequently decreased during later 

weeks (146). These observations may be explained by the effect of aging on the 

cementum apposition rate. Reportedly, the speed of cementum deposition is much 

faster before the completion of root formation in rats at 6 weeks of age (257, 258). 

In our study, the two-week period of daily CsA treatment was started when the 

rats were 7-week-old. Therefore, more than two weeks may be required for daily 

CsA treatment to influence the process of cementum formation in the dental roots 

of mature rats. Consistent with this conclusion, a recent study (148) reported an 

increased cementum thickness after 45 days of daily CsA treatment in 7-week-old 

rats at the same dose and administration route that was used in our study. 

Therefore, CsA-induced cementum overgrowth appears to primarily depend on 

the treatment duration in rats older than 6 weeks of age. 

 

A potential limitation of this study, regarding the effect of CsA on cementum 

growth, is that the systemic availability of the active drug substances after drug 

administration was not measured. Detecting the systemic availability of CsA 

could have been done directly by measuring the drug level in the blood, or 

indirectly by monitoring for the drug side effect such as gingival overgrowth (116, 

117, 119, 143). Moreover, it is recognized that the provided CsA treatment dosage 

and/or duration could require further adjustment. However, at that point, it was 

decided not to continue evaluating the effect of CsA on cementum growth for two 

main reasons. First, unlike CsA, the LLLT experiment provided positive results 

that enabled to further explore the main thesis research purpose. The second 
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reason is that CsA exerts a broad range of pharmacological effects as well as a 

number of potentially harmful side effects and adverse drug interactions (110). The 

main purpose of this research was to verify the effect of increased cementum 

thickness for the prevention of root resorption caused by orthodontic treatment. In 

light of this, it is questionable to suggest any future clinical application of CsA 

treatment for orthodontic patients just for the sake of preventing root resorption. 

By contrast, the non-invasive nature of LLLT would make it a preferable method 

to consider for any potential future clinical application that is related to our 

research. 

 

In order to identify the cementum thickness, the histological slides provided 

adequate information on the extent of the cementum layer because H&E staining 

allowed sufficient contrast between the cementum and the underlying dentin 

tissues (Figure 10). However, the three-dimensional structure of cementum 

thickness could not be precisely quantified based on the two-dimensional linear 

measurements of a few serially sectioned histological slides (259-261). Because of 

the possible loss of root material during the sample physical sectioning, cutting 

several thin slices from the root sample and mounting them on slides for 

microscopic evaluation may not accurately reflect the true three-dimensional 

volume of the cementum tissue. Moreover, different orientation of a sample 

sectioning during slides preparation can cause an apparent change of cementum 

thickness between slides (259-261). In general, the histological studies are 

inherently technique sensitive and their slides preparations can be difficult to 
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repeat or reproduce (22, 260). 

 

Recent advances in micro-CT imaging technology facilitate the three-dimensional 

quantitative evaluation of small specimens such as rat’s dental roots with high 

spatial resolution. This allowed an easy orientation within the specimen and 

permits an interactive viewing of the root from the desirable direction (259, 262, 

263). Micro-CT imaging has overcome the limitations associated with physical 

sectioning as it uses x-rays to create serial cross-section slices of the whole root 

sample without destroying the original sample. Thereafter, a software program 

enables a reproducible, three-dimensional reconstruction of the root 

microstructures by assembling all the individual slices. This virtual three-

dimensional model permits a non-invasive analysis of the root morphology and 

enables the calculation of particular morphometric parameters over the whole 

sample’s volume (263, 264). Therefore the key advantage offered by micro-CT 

analyses in the first experiment was the ability to quantify the volumetric change 

in the root structure before and after each treatment. 

 

Our longitudinal in vivo micro-CT analyses showed that, over a two-week period, 

the mean root volume growth was greater in the LLLT group when compared 

with the corresponding mean in normally growing animals in the control group. 

However, this difference in the root volume change was not statistically 

significant between all groups. The root volume in this study refers to the hard 

tissue of the dental root comprising both radicular dentin and cementum. Root 
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formation in rat molars is complete before 6 weeks of age; thereafter, the root 

hard tissues continue to grow slowly by secondary dentin apposition at the root 

internal surface by specialized cells located inside the dental pulp (258). 

Simultaneously, new cementum is continuously formed over the root external 

surface throughout life by cementoblasts, which are continuously recruited from 

specialized progenitor cells located in the periodontal ligament (76). 

 

Proper segmentation of the root microstructures from the surrounding tissue is 

required to ensure accuracy of the micro-CT measurement data (262, 264-266). The 

software program used in our micro-CT imaging analyses offered a manual or 

pre-set procedure that can outline the region of interest and remove the unwanted 

structures from the images (Figure 9a). For an accurate morphometric analyses 

within each region of interest, a threshold method was used to segment the micro-

CT gray-scale images into binary (e.g., red and black in Figure 9b) in order to 

differentiate the root hard tissues from the surrounding soft tissues. The threshold 

value was obtained by identifying the middle point between the peak in the gray-

scale relative to root structure and the peak relative to soft tissues. Reportedly, an 

accurate representation of the mineralized tissue’s boundary can be obtained by 

selecting the threshold value in the middle point between the peaks (264, 266). 

Moreover, it was shown that any variation in the threshold value could result in a 

difference in root volume estimation (265). Therefore, the same threshold value 

was fixed and used for all the micro CT images of all the experiment’s samples. 
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One of the problems of using micro-CT analyses in the first experiment was that 

the samples were evaluated based on images with gray-scale values that displayed 

the degree of mineralization. Although the segmentation of the root from the non-

root soft tissues was possible, it was found difficult to distinguish between root 

cementum and the underlying dentin tissue by using the threshold method in the 

micro-CT images as both tissues displayed similar value on the images’ gray-

scale components. This technical difficulty in segmenting an accurate three-

dimensional representation of cementum tissue has limited the advantage of using 

micro-CT analyses as a true alternative compared to our histological evaluation in 

the first experiment. 

 

It is possible that the micro-CT images in the first experiment failed to identify 

certain fine details that would have been detected in higher resolution images. 

When analyzing small structures such as rat’s dental root sample, it is highly 

recommended to obtain micro-CT images with the highest resolution possible in 

order to avoid an underestimation of the sample’s mineralization density that 

could affect the accuracy of the related volumetric analyses (263, 267). However, as 

seen in our pilot study, acquiring higher resolution in vivo images using this 

particular micro-CT imager require a longer period of radiation exposure at each 

observational point, which affects the animals’ health and the study results (268). 

Therefore, the utilization of micro-CT as a non-invasive modality to obtain in vivo 

longitudinal imaging at 18 µm resolution may not be precise enough to directly 

assess the growth in the cementum layer volume. 
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In conclusion, our findings suggest that the non-invasive nature of LLLT, 

combined with its ability to enhance tissue remodeling and repair, make it a 

potentially useful method to stimulate new cementum formation on dental root 

surfaces. This concept could be clinically useful in regenerative periodontal 

therapy or in reducing root resorption caused by orthodontic tooth movement. By 

contrast, daily CsA treatment over a two-week period had little, if any, effect on 

the cementum thickness on all root aspects when compared with the control 

group, which may define the threshold at which CsA treatment duration is able to 

induce new cementum formation on the dental root surfaces of mature rats. 

Furthermore, our in vivo micro-CT analysis was unable to distinctly evaluate the 

cementum overgrowth in the LLLT group that was otherwise verified 

histologically in the same tissue sample. A word of caution is advised, as 

extrapolation from animal studies to humans is not always straightforward. How 

the above-discussed mechanisms would work in humans should be explored in 

future research. 
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8.2 Effect of LLLT-Induced Root Surface Remodeling on 

OITRR in the Second Animal Experiment 

 

In the second animal experiment, we found that remodeling of the dental root 

surfaces by stimulating more cementum formation using low-level laser therapy 

(LLLT), before starting orthodontic treatment, provided significant protection 

against orthodontically induced tooth root resorption (OITRR) in rats. This 

protective effect against OITRR was greater, on average, on the root surfaces that 

showed more cementum growth in response to LLLT immediately before 

applying the orthodontic force. 

 

The basic principle of orthodontic treatment is that prolonged force application to 

the tooth will cause tooth movement as a result of bone remodeling around the 

root (269). Obviously, successful tooth movement through bone does not rely 

solely on bone resorption, but also on the roots remaining intact. The pressure 

produced by orthodontic force alters the blood flow in the compressed periodontal 

ligament, which in turn triggers production of local biochemical mediators that 

generate a favorable environment for bone resorption (269). However, factors such 

as continuous heavy orthodontic force can cause undesirable tissue reactions such 

as an ischemic necrosis in the compressed periodontal ligament, which in turn can 

facilitate resorption of the adjacent root surface (10, 24, 26, 91).  
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Our micro-CT analyses in the second experiment showed that the preexisting 

external root surfaces remodeling caused by two weeks of daily LLLT application 

had a significant protective effect against resorption of these surfaces during the 

following four weeks of orthodontic tooth movement in rats. The magnitude and 

duration of the orthodontic force used in our experiment have been shown to 

cause external root resorption. However, in the present split-mouth experiment 

design, the total volume of root resorption was significantly less in the teeth 

exposed to two weeks of LLLT compared with the control teeth that received no 

treatment immediately before starting the orthodontic tooth movement. 

 

Using a split-mouth design increases the study efficiency by reducing the inter-

subject variability, and thus increasing the study power and increasing the 

precision of the estimated treatment effect (270). Moreover, each animal in the 

split-mouth design acts as its own control and therefore a smaller sample size is 

enough to satisfy the study objectives compared with a parallel-group design (270). 

Furthermore, the split-mouth design was suitable to be performed in the second 

experiment as no carry-across treatment effects are expected (270). In a split-

mouth design, it is assumed that each of the two treatments should be randomly 

assigned to either the right or left halves of the dentition. However, it is more 

important for the operator to avoid committing the mistake of delivering the 

wrong treatment to the wrong side (270). Therefore, the decision of which molars 

were allocated to treatment was made before starting the experiment. Because the 

operator is right-handed, the LLLT treatment was assigned to all the right side 



 

 160 

molars in order to make the experiment easier to conduct in an animal model and 

thus help to prevent such mistake of treatment contamination of control molars. 

 

This increased resistance of the roots surfaces against OITRR can be attributed to 

the ability of LLLT to stimulate more cementum formation on those surfaces. 

Based on our findings in the first experiment, the same daily dose for two weeks 

of the same LLLT system (830 nm wavelength GaAlAs), with the same technique 

used in the current experiment, had proved to significantly increase the cementum 

thickness in the mesial roots of rat maxillary first molar. The suggested 

mechanism behind the increased cementum thickness was that low-level laser 

light energy, which is within the wavelength range of our low-level laser system, 

is able to reach and stimulate cementum formation by providing the appropriate 

environment required to influence the related cellular activity (220, 221, 230). Our 

treatment dosage was designed based on a review of the available evidence in 

order to ensure the appropriate laser energy absorption by the cementum forming 

cells (166, 181, 219). Presuming that low-level laser energy is primarily absorbed by 

a photoacceptor within the mitochondrial membrane (242, 243), several 

intracellular signaling pathways were suggested to explain the secondary cellular 

response in the cementum tissue following primary activation of the 

photoacceptor (244, 246, 248). Therefore, we surmised that absorption of low-level 

laser energy from our laser system by cementum forming cells could lead to the 

activation of mitochondrial respiratory chain components and the initiation of 

subsequent cellular signaling cascades. This ultimately increases the expression of 
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growth factors and cytokines that stimulate cementum tissue growth by promoting 

cellular proliferation and function. 

 

When comparing the different aspects of the root surface between the groups, our 

micro-CT analyses also found that resorption volumes in both the mesial and 

buccal root surfaces were less on average than the volumes in the distal and 

lingual root surfaces of those teeth that received LLLT compared with the same 

surfaces in the control group. This suggests that the protective effect against root 

resorption in the preexisting remodeled root surfaces, caused by two weeks of 

LLLT, was greater in the mesial and buccal root surfaces. The relatively increased 

resistance against resorption in the mesial and buccal roots surfaces that exposed 

to LLLT in the second experiment may reflect the increased cementum thickness 

that was observed on the same surfaces within the LLLT group in our first 

experiment. These findings imply a positive relationship between the initial 

increase in root surface cementum thickness and the increased resistance of that 

surface against OITRR. The difference in cementum thickness between the 

different root surfaces within the LLLT group in our first experiment was 

attributed to the change in tissue absorption of the laser energy caused by the 

angle at which the laser beam struck the root surfaces. Decreased reflection of 

laser light and subsequently increased available energy for tissue absorption are 

expected when the root surface is exposed to a perpendicular laser beam (181). 

Moreover, the possible diminution of laser energy absorption at deeper aspects of 

the root surface may also explain the different tissue responses between the root 
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surfaces in the LLLT group, because the energy of the laser beam decreases as the 

laser light passes through the tissue (165). On that basis, we surmise that the more 

energy absorption of our laser treatment by the target tissue, the more cementum 

forms over the root surface before applying the orthodontic force, and ultimately, 

the less OITRR occurs on that surface. 

 

Orthodontic treatment would not be possible without the fact that teeth root 

surfaces are more resistant to resorption than the opposing alveolar bone. The 

presence of a viable cementum layer covering the root surface may primarily 

underlie the resistance of the root to resorption (9, 24, 91). A mild, self-limiting 

form of root surface injury occurs when the pressure caused by the tooth 

movement damages or traumatizes the outer layer of cementum, which is fully 

regenerated once the orthodontic force has stopped (28, 91). However, if such an 

injury removes the entire cementum layer, a resorption process involving the 

outer layers of root dentin can follow unless the stimulation caused by orthodontic 

pressure is removed (25-28). The resorption process is linked to multinucleated 

clastic cells (odontoclasts) that are found within lacunae on the unprotected root 

dentin surface (25-28). These cells are distinguished from other multinucleated 

cells by the presence of a highly ruffled border opposing the dentin surface (25-28). 

The ruffled border increases their secretory ability at the active resorption site 

between the cell and dentin surface (91). The active resorption site is effectively 

sealed by the firm attachment of the odontoclast to the dentin surface, which is 

mediated mainly by integrin receptors located on the cell surface (91). 
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To our knowledge, this is the first report describing the effect of increased root 

cementum thickness on the root resorption caused by orthodontic treatment. 

Based on our findings, cementum layer augmentation could provide additional 

protection to the dental root against resorption during orthodontic treatment. A 

possible simple explanation for our findings is that root resorption seems to 

progress more rapidly in dentin than in cementum (91, 271), and therefore adding 

more layers of cementum tissue over the root surface would slow down the 

resorption process. 

 

Although many theories have been proposed, the exact reason why cementum 

tissues are inherently more resistant to resorption, compared with dentin and 

alveolar bone, is still unknown (91). It has long been suggested that multinucleated 

clastic cells are unable to resorb or attach to non-mineralized matrix (272). 

According to one theory, the thin zone of non-mineralized layer (precementum) 

covering the external surface of cementum provides a protective barrier that 

prevents resorbing cells from developing and gaining access to the root surface 

(91, 272). However, the results of our study show that increasing the entire 

cementum thickness enhanced its resistance against resorption. This could mean 

that the unique proteins comprising the cementum matrix, rather than the non-

mineralized condition of its outermost layer, may be primarily responsible for the 

inherent resistance of this tissue to resorption.  
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In terms of origin, morphology and function, odontoclasts are similar to 

osteoclasts, which are the bone-resorbing cells (273). Therefore, disturbing the 

attachment abilities of osteoclasts by blocking their integrin receptors using 

echistatin, an arginine-glycine-aspartic acid (RGD) containing peptide, can also 

inhibit root resorption by odontoclasts (53). Many studies have investigated the 

important role of integrin in the recognition and attachment of osteoclasts to 

several extracellular matrix proteins containing the RGD sequence (274-276). It has 

been found that osteoclast activity can be suppressed or enhanced according to the 

protein composition of the extracellular matrix (261-263). Furthermore, compared 

with alveolar bone, a recent analysis of the dental cementum proteome (250) 

identified several unique and differentially expressed proteins in cementum 

tissues that can provide insight into the possible inhibitory effects of these 

proteins on the activity of the resorbing cells. For example, biglycan (BGN) is a 

small leucine-rich proteoglycan (SLRP) that has been found to be abundantly 

more in dental cementum than alveolar bone (250). BGN knockout mice have been 

used to illustrate the role of BGN in osteoclast function. Mice deficient in BGN 

showed increased osteoclast formation and activity (277). Moreover, an 

antioxidant protein called superoxide dismutase 3 (SOD3) was exclusively found 

in dental cementum and therefore, was identified as a biomarker for cementum 

tissue (250). SOD3 can protect cementum tissues against oxidative stress by 

preventing the accumulation of reactive oxygen species (ROS) that are produced 

as by-products of the mitochondrial respiratory chain reactions (250). In line with 

this, several studies have investigated the mechanism by which estrogen 
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deficiency induces bone resorption, and emerging evidence has identified the 

ability of this sexual hormone to act as an antioxidant that protects bone against 

oxidative stress (278-280). Decreasing ROS accumulation through the defensive 

effect of antioxidants can inhibit osteoclast formation and resorption activity (281, 

282). On that basis, expression of SOD3 as an endogenous antioxidant protein may 

enable the dental cementum to restrict odontoclast activity by preventing the 

accumulation of ROS in the tissue. 

 

Unlike measuring the cementum thickness in the first experiment, micro-CT 

allows for accurate and reproducible volumetric analyses of the root resorption in 

the second experiment because it much easier to precisely outline and segment the 

resorption volume from the volume of root hard tissues based on the micro-CT 

images (Figure 13). The small size of rat’s dental root sample required high-

resolution micro-CT images for an accurate visualization of an even smaller 

resorption lesion (263, 267). While the highest resolution possible is desirable, ex 

vivo micro-CT imaging was done for all the samples in the second experiment in 

order to avoid the morbidity risk associated with increasing the radiation exposure 

as seen in the live animal micro-CT analyses in our pilot study. For these reasons, 

we think that micro-CT imaging provides an excellent alternative compared to the 

histological evaluation of root resorption caused by orthodontic tooth movement 

in the second experiment.  
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Many studies have found that micro-CT is a tool of high value for examining the 

root resorption (22, 259, 260). The use of micro-CT analyses to evaluate root 

resorption has several benefits over using the histological evaluation in the second 

experiment. The three-dimensional visualization of the root sample provided by 

the micro-CT imaging helped to study all the aspects of root’s external surfaces in 

order not to miss detecting any resorption lacuna. Micro-CT imaging enabled the 

three-dimensional volumetric analyses of root resorption and had the advantage of 

being accurate and reproducible without destroying the original sample (259, 262, 

263). On the other hand, an accurate volumetric evaluation of the root resorption 

could not be attained histologically. As mentioned before, the inherent technical 

sensitivity of the histological studies in addition to the difficulty of repeating or 

reproducing their slides preparations can affect the accuracy of the histological 

evaluation (259-261). Moreover, due to the possible loss of root material caused by 

the sample physical sectioning, some resorption lacunae could be partially or 

totally missed during the histological slides preparation.  

 

Although the histological evaluation of the roots in the second experiment was 

only descriptive in nature, the findings appear to agree with those in the 

histomorphometric analysis of the first experiment. The increased cementum 

thickness in the second experiment was apparent in every root sample that was 

exposed to LLLT compared with the control samples. Notably, the incremental 

increase in the thickness of the cellular cementum as it approached the root apex 

was relatively greater in the LLLT treated roots (Figure 24) compared with the 
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evenly increased rate of the same tissue in the control group (Figure 25). 

Therefore, the apparent increase in cementum thickness as demonstrated by the 

likely increased growth of cellular cementum, can be considered a sign of 

remodeling activities along the external roots surfaces exposed to LLLT 

immediately before applying the orthodontic force. Cellular cementum is known 

to play important adaptive and reparative roles due to its ability to grow faster 

than the other cementum type (69). Cellular cementum contains an abundant 

cellular material that makes it readily available not only to repair any resorptive 

defect, but also to adapt the shape of the external root surfaces to any mechanical 

stress caused by the orthodontic force (69). 

 

As discussed earlier, the root resorption volume caused by orthodontic treatment 

was evaluated and analyzed more adequately by the micro-CT analysis. However, 

the descriptive histological evaluation showed that the initial LLLT treatment 

appeared to decrease the severity of OITRR. It was histologically clear that 

orthodontic force caused a considerable amount of resorption in both groups, 

demonstrated by the presence of resorption lacunae on the external root surfaces. 

However, on the roots surfaces that were exposed to the initial LLLT treatment, 

most of the resorption was confined to the outer cementum layer, with fewer deep 

resorption lacunae extending to the outer layer of the radicular dentin when 

compared with control samples. Moreover, one mesial root in the control group 

(Figure 25), clearly exhibited a shortened root, which is a more severe form of 

OITRR that results in irreparable damage to the root structure (24). Therefore, the 
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change in root morphology caused by the increased growth of cementum 

following the initial LLLT treatment could provide mechanical protection against 

OITRR by affecting the stress distribution of orthodontic force (16, 17, 23). In other 

words, besides being inherently resistant to resorption, the initial cementum 

overgrowth in response to LLLT may increase the root surface area, which in turn 

could protect the tissue mechanically by diffusing the pressure against the 

compressed root surface and distributing the stress along a wider area following 

the application of orthodontic force. 

 

Although this research project was designed to examine the effect of increased 

root cementun thickness on preventing the root resorption caused by orthodontic 

treatment; using LLLT may offer several advantages for any related future clinical 

application in orthodontic treatment. Many studies have confirmed that LLLT is 

able to reduce the level of pain during orthodontic treatment (209-215). Moreover, 

positive results have been reported in studies of the effects of LLLT in 

accelerating tooth movement rate during orthodontic treatment (207, 208, 217-226). 

The mechanism that LLLT accelerates the rate of tooth movement lies in its 

ability to stimulate the remodeling activity of the alveolar bone surrounding the 

dental root (228, 229). Several studies have reported that LLLT is effective in 

stimulating alveolar bone resorption at the pressure side of the dental root during 

orthodontic treatment by increasing the activities of the multinucleated clastic 

cells (228, 229). However, while the root resorption process is linked to the 

increased activity of clastic cells in the pressure side during orthodontic treatment 
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(25-28), a very recent study found that the application of LLLT during tooth 

movement did not stimulate root surface resorption (283). These controversial 

findings could be explained by the distribution of the blood vessels within the 

periodontal region. A previous study showed that most of the periodontal blood 

vessels are located within the alveolar region and adjacent to the alveolar bone 

away from the root surface (284). This might suggest a correlation between the 

proximity of the blood vessels and which surface is likely to be resorbed as a 

result of the clastic cells activation during orthodontic tooth movement. In any 

event, the concept of using LLLT could be clinically useful not only in increasing 

the root surface resistance against reorption, but also in accelerating the rate of 

orthodontic tooth movement. 

 

In conclusion, two weeks of daily low-level laser therapy (LLLT) immediately 

before starting an orthodontic tooth movement significantly decreased the total 

volume of orthodontically induced tooth root resorption (OITRR) in rats. This 

protective effect against root resorption, on average, was more evident in the 

mesial and buccal root surfaces, and was correlated with the increased cementum 

thickness in the same surfaces that was observed in the LLLT group in the first 

animal experiment. Moreover, the increase in cementum thickness induced by the 

initial LLLT remodeling treatment not only decreased the volume of external 

dental root surface resorption in rats, but also appeared to decrease the OITRR 

severity. The role of our LLLT intervention in humans should be explored in 
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future research, as extrapolation from animal studies to human trials is not always 

straightforward or completely accurate.  
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9 CONCLUSIONS 

9.1 Conclusions from the First Animal Experiment 

From the first animal experiment, we concluded the following: 

1- Two weeks of daily LLLT treatment (Ga-Al-As at 830 nm wavelength) 

significantly increased the total cementum thickness in rat’s dental root 

surfaces. 

2- Our LLLT treatment significantly increased the cementum thickness on all 

the different aspects of the mesial root of the rat’s maxillary first molar, 

except the distal surface, when compared with both control and CsA 

treatment. Moreover, the cementum thickness in LLLT group was 

significantly more in the mesial and buccal roots surfaces than in the distal 

and lingual surfaces within the same group 

3- Daily dose by subcutaneous injection of 10 mg/kg of body weight CsA 

treatment has no effect on the normal growth of rat’s dental root 

cementum over a two-week period. 

4- Our method in utilization the micro-CT scanning as a non-invasive 

modality in vivo setting to obtain longitudinal imaging at 18 µm resolution 

did not accurately detect the growth in the cementum layer volume. 

  



 

 172 

9.2 Conclusions from the Second Animal Experiment 

From the second animal experiment, we concluded the following: 

1- Remodeling the root external surfaces by inducing new cementum 

formation using two weeks of daily LLLT treatment (Ga-Al-As at 830 nm 

wavelength) immediately before starting an orthodontic tooth movement 

significantly decreased the total volume of OITRR in rats. 

2- On average, this protective effect against root resorption was more in the 

root surfaces that showed more cementum growth in response to our 

LLLT treatment. 

3- Cementum layer augmentation before the application of orthodontic force 

seems to decrease the severity of external root surface resorption caused 

by the orthodontic tooth movement. 
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APPENDICES 

Extra Analyses of the First Animal Experiment Results 

According to the study design of the first animal experiment, different statistical 

analyses were applicable. In the body of our thesis (see Results 7.1), we chose the 

most appropriate statistical model. However, based on the statistical assumptions, 

the following are all the possible tests that are still valid to perform on the data of 

the first animal experiment. 

 

Additional Analyses for the Micro-CT Data 

Several statistical tests were possible to perform on the data set obtained from the 

micro-CT analyses of the first animal experiment. Because there is a relationship 

between root-volume immediately before treatment start (Time 0) and at the end 

of the two-week treatment (Time 1), ANCOVA test was used to measure the 

effect of each treatment on the root volume change from Time 0 to Time 1, using 

the root-volume at Time 0 as a covariate factor that could affect the treatment 

outcome. Moreover, the repeated measure ANOVA test was also used in this data 

set since each root volume value was measured at multiple times. On the other 

hand, by ignoring the root-volume at Time 0 as a covariate, additional non-

parametric analyses were done on another set of values that created 

mathematically to directly compare the root volume difference between Time 1 

and Time 0. 
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Parametric Statistical Tests 

ANCOVA 

Analysis of Covariance (ANCOVA) was considered to be a good tool for this data 

set because there is a relationship between root-volume at Time 0 and root-

volume after two weeks of treatment (Time 1); therefore it is possible that the 

root-volume at Time 0 (covariate) could be a strong predictive factor of the root-

volume after two weeks of treatment. Moreover, including root-volume at Time 0 

factor as a predictor along with the treatment factor, will give us a smaller error 

term and a larger F ratio for assessment of the main effect of each treatment 

factor.  

 

The most appropriate ANCOVA model was calculated by removing the highest 

non-significant interaction one at a time (only if the variable was not included in 

any significant interaction). This process can be followed from the first model in 

the first Table 24, to the final one in the second following Tables 25: 

 

Dependent Variable:  root-volume at Time1  

Source Type III Sum 
of Squares 

df Mean Square F Sig. Partial Eta 
Squared 

Corrected Model .284 5 .057 11.413 .000 .826 

Intercept .076 1 .076 15.348 .002 .561 

Treatment .009 2 .005 .932 .420 .134 

Time0 .079 1 .079 15.902 .002 .570 
Treatment * Time0 .001 2 .000 .096 .909 .016 

Error .060 12 .005    

Total 23.308 18     

Corrected Total .344 17     

Table 24: first table of ANCOVA test of between subjects effect. 
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Dependent Variable:  root-volume at Time1 

Source Type III Sum 
of Squares 

df Mean 
Square 

F Sig. Partial Eta 
Squared 

Corrected Model .283 3 .094 21.769 .000 .823 

Intercept .199 1 .199 45.773 .000 .766 

Treatment .104 2 .052 12.019 .001 .632 

Time0 .176 1 .176 40.588 .000 .744 
Error .061 14 .004    

Total 23.308 18     

Corrected Total .344 17     

Table 25: final table of ANCOVA test of between subjects effects. 
 

From the first ANCOVA model (Table 24), the interaction (Treatment by root-

volume at Time0) was not significant (p=0.909) which mean that there is no 

(Treatment by root-volume at Time0) effect on the final root-volume after two 

weeks treatment. This is also means that the homogeneity of regression 

assumption is met for these data. 

 

From the final ANCOVA model (Table 25), Treatment factor had a statistically 

significant effect (p=0.001) on the difference of the mean root-volume after two 

weeks of treatment once we’ve controlled for the root-volume at time zero. 

Moreover, 63% of the variability in the root-volume after two weeks could be 

accounted for the Treatment factor. 

 

Table 26 shows the root-volume means, after two weeks of each treatment, once 

they adjusted for the covariate factor, which is root-volume at Time 0. 
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Dependent Variable: root-volume at Time1 

Treatment Mean Std. Error 95% Confidence Interval 

Lower Bound Upper Bound 

Control 1.152a .027 1.094 1.210 
CsA 1.027a .027 .969 1.085 

LLLT 1.210a .027 1.152 1.267 

a. Covariates appearing in the model are evaluated at the following values: 
root-volume at Time0 = 0.7309. 

Table 26: estimated means adjusted for the covariate factor. 
 

Table 27 compares the root-volume means between the treatment groups, after 

two weeks, once they adjusted for the covariate factor (root-volume at Time 0). 

 
Dependent Variable: root-volume at Time1 

(I) 
Treatment 

 (J) 
Treatment 

Mean 
Difference (I-J) 

Std. 
Error 

Sig. 95% Confidence Interval for 
Difference 

Lower Bound Upper Bound 

Control  
CsA .125 .038 .006 .043 .207 

LLLT -.058 .038 .155 -.140 .025 

CsA  
Control -.125 .038 .006 -.207 -.043 

LLLT -.182 .038 .000 -.264 -.101 

LLLT  
Control .058 .038 .155 -.025 .140 

CsA .182 .038 .000 .101 .264 

Based on estimated marginal means 

Table 27: pairwise comparisons once adjusted for the covariate factor. 
 

LLLT treatment has a significant effect on the root-volume change between Time 

0 and Time 1 compared with the CsA treatment. The root-volume increased 

significantly from time-zero to two-weeks (p<0.001) on the LLLT group 

compared with the CsA treatment. 
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However, there is no significant difference effect on root-volume change between 

time-zero and two-weeks when compare between LLLT treatment and control 

groups. On the other hand, during two weeks period, the root volume increased 

significantly on control group compare to CsA treatment (p=0.006) 

 

Dependent Variable: root-volume at Time1 

Parameter B Std. 
Error 

t Sig. 95% Confidence Interval Partial 
Eta 

Squared 
Lower Bound Upper Bound 

Intercept .666 .087 7.629 .000 .479 .854 .806 

[Treatment=Control] -.058 .038 -1.504 .155 -.140 .025 .139 

[Treatment=CSA] -.182 .038 -4.794 .000 -.264 -.101 .621 

[Treatment=LLLT] 0a . . . . . . 

Time0 .743 .117 6.371 .000 .493 .993 .744 

a. This parameter is set to zero because it is redundant. 

Table 28: parameter estimates. 
 

From the previous Table 28, the estimated regression equations of root volume for 

each treatment was calculated as following formulas: 

 

Time-1-root-volume = (B0 + B1 Treatment) + B2*Time-0-root-volume 

 

Control 

Time-1-root-volume = (B0 + B1 Treatment) + B2*Time-0-root-volume 

                                 = (0.666 – 0.058) + 0.743 *Time-0-root-volume 

                                 = 0.608 + 0.743 *Time-0-root-volume 
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CsA 

Time-1-root-volume = (B0 + B1 Treatment) + B2*Time-0-root-volume 

                                 = (0.666 – 0.182) + 0.743 *Time-0-root-volume 

                                 = 0.484 + 0.743 *Time-0-root-volume 

LLLT 

Time-1-root-volume = (B0 + B1 Treatment) + B2*Time-0-root-volume 

                                 = (0.666 + 0) + 0.743 *Time-0-root-volume 

                                 = 0.666 + 0.743 *Time-0-root-volume 

 

The following scatter plot (Figure 24) represents the estimated regression 

equation of root volume for each treatment 

 

 

 
Figure 26: estimated regression of root volume for each treatment. 
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Repeated Measure ANOVA 

In a repeated measure, or within subject factor, each root volume value was 

measured at multiple times. Examining the within subject factor by comparing 

means of root volume values at two different times, immediately before treatment 

start (Time 0) and at the end of the two-week treatment (Time 1); and the effect of 

time on mean root volume between treatment groups. The between subject factor 

effect is the comparison between the overall mean root-volume of different 

treatment groups. 

 

Within-subject factor: Two level time root-volume 

 

Between- subject factor: Treatment (LLLT, CsA and control) 

 

Null hypotheses for repeated measure ANOVA 

(1) Hypothesis for the within-subject factor: 

Ho: mean root-volume is the same in Time 0 and Time 1 

(2) Hypothesis for between-subject factor: 

Ho: the main effects of LLLT, CsA and control are the same on overall mean 

root volume 

(3)  Hypothesis for interaction: 

Ho: the effect of time on mean root volume is the same between LLLT, CsA 

and control 
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The sample is too small to evaluate if the assumption of multivariate normality is 

satisfied. 

 

Source Type III Sum 

of Squares 

df Mean 

Square 

F Sig. 

Root Volume 

Sphericity Assumed 1.430 1 1.430 524.565 .000 

Greenhouse-Geisser 1.430 1.00 1.430 524.565 .000 

Huynh-Feldt 1.430 1.00 1.430 524.565 .000 

Lower-bound 1.430 1.00 1.430 524.565 .000 

Root Volume * 

Treatment 

Sphericity Assumed .052 2 .026 9.627 .002 

Greenhouse-Geisser .052 2.00 .026 9.627 .002 

Huynh-Feldt .052 2.00 .026 9.627 .002 

Lower-bound .052 2.00 .026 9.627 .002 

Error(Root Volume) 

Sphericity Assumed .041 15 .003   

Greenhouse-Geisser .041 15.00 .003   

Huynh-Feldt .041 15.00 .003   

Lower-bound .041 15.00 .003   

Table 29:  repeated measure ANOVA test of within-subject effect. 
 

From the previous Table 29, mean root volume is not the same (p<0.001) across 

the two time points, meaning that the null hypothesis for the within-subject factor 

should be rejected. Therefore, the mean root-volume is the significantly different 

between Time 0 and Time 1 regardless of the treatment effect. 

 

Moreover, the effect of time on mean root volume is not the same (p=0.002) 

between the treatment groups; which mean that the null hypothesis for the 

interaction should be rejected. Therefore, the treatment factor caused a significant 

effect on the change of mean root volume between Time 0 and Time 1. In other 

words, there is a significant difference between treatment groups in the amount of 

change in mean root volume between Time 0 and Time 1 
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Source Type III Sum of Squares df Mean Square F Sig. 

Intercept 31.149 1 31.149 907.545 .000 

Treatment .061 2 .031 .894 .430 

Error .515 15 .034   

Table 30: repeated measure ANOVA test of between-subject effect. 
 

The test of between-subject effect (Table 30) shows no significant difference 

(p=0.430) between groups on their overall mean root-volume. The null hypothesis 

for the between-subject factor was accepted, meaning that, when neglecting the 

effect of time, there is no main effect of treatment on overall mean root volume. 

 

The following plot (Figure 25) summarizes the effect of time on mean root 

volume between the different treatments. 

 

 
Figure 27: effect of time on mean root volume between the different treatments. 
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Pearson Correlation 

The following Table 31 shows the Pearson correlation between the root-volume 

difference (difference between Time 1 and Time 0 volume) and between the 

baseline root volume (at Time 0).  The correlation is not strongly negative, which 

could mean that the difference of the root volume at the base line between the 

treatment groups is not strongly affecting the outcome root volume of each 

treatment. 

  Time0 Root volume difference 

Root volume at 
Time0 

 

Pearson Correlation 1 -.341 

Sig.  .166 

Number of sample 18 18 

Root Volume 
Difference 

 

Pearson Correlation -.341 1 

Sig.  .166  

Number of sample 18 18 

Table 31: correlation between the root-volume difference the baseline root volume. 
 
 
In summary: either ANCOVA or Repeated Measure ANOVA can be used to 

analyze this pre-test / post-test type of data. In ANCOVA, when we take into 

account baseline root volume (at Time 0) as covariate, we found that mean root 

volume after two weeks is significantly different (p=0.001) between all treatment 

groups. The root volume increased significantly on the control group compared 

with the CsA treatment (p=0.006), but there was no significant difference when 

compared the LLLT group with the control. This finding was also supported by 

Repeated Measure ANOVA as there was a significant interaction value between 

time and treatment, which means that the effect of time on mean root volume is 

not the same (p=0.002) between the treatment groups. 
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Although both analyses gave slightly different results, both ANCOVA and 

Repeated Measure ANOVA point to the same pattern of group differences in this 

study. Moreover, there is no strong correlation between the root-volume 

difference and the baseline root-volume (at Time 0). In this scenario the choice 

between both parametric analyses methods did not appear to make a substantial 

difference in the nature of the conclusions about the outcome results. 

 

Non-Parametric Statistical Tests 

Compare root volume difference 

Another value was created, from this type of data, and subjected to non-

parametric analyses. Root-Volume-Difference (RVD) values were calculated by 

mathematic subtracting of the root volume value, obtained from micro-CT 

analyses, at the end of the two-week treatment (Time 1), from the volume value of 

the same root immediately before treatment start (Time 0). 

 

 
Figure 28: Root-Volume-Difference of each treatment group. 
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The previous box-plot (Figure 26) compares Root-Volume-Difference (RVD) of 

the three treatment groups (CsA, LLLT treatment and control). 

 

Kruskal-Wallis test (Table 32) shows that the mean Root-Volume-Difference 

(RVD) is not the same (p-value=0.012) between treatment groups, which 

indicates a significant difference on mean RVD between the three treatment 

groups. 

Null Hypothesis Test Sig. Decision 
The distribution of root volume 

difference is the same across 
categories of all treatment groups 

Independent-Samples 
Kruskal-Wallis Test 0.012 Reject the null 

hypothesis 

The significant level is 0.05 

Table 32: Kruskal-Wallis test of RVD between all groups. 
 
To identify where the difference was, three different Mann-Whitney tests (the 

following tables) were done to compare Root-Volume-Difference (RVD) between 

every two distinct treatment groups. 

 

According to Mann-Whitney test (Table 33), LLLT treatment has a significant 

effect on the RVD between Time 0 and Time 1 compared with the CsA treatment. 

The root-volume of LLLT groups increased significantly in two weeks (p=0.009) 

compared with the CsA group. 

 

Null Hypothesis Test Sig. Decision 
The distribution of root volume 

difference is the same across 
categories of LLLT and CsA 

treatment groups 

Independent-Samples 
Mann-Whitney U Test 0.009 Reject the null 

hypothesis 

The significant level is 0.05 
Table 33 Mann-Whitney test of RVD between LLLT and CsA groups. 
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Another Mann-Whitney test (Table 34) compares root-volume-difference of two 

treatment groups (CsA treatment and control). There is no significant difference 

between the two weeks CsA treatment and the control group regarding the root-

volume-difference. 

 

 
Null Hypothesis Test Sig. Decision 

The distribution of root volume 
difference is the same across 

categories of CsA treatment and 
Control groups 

Independent-Samples 
Mann-Whitney U Test 0.065 Retain the null 

hypothesis 

The significant level is 0.05 
Table 34: Mann-Whitney test of RVD between CsA group and control. 

 

Moreover, another Mann-Whitney test was done (Table 35) to compare root-

volume-difference of two treatment groups (LLLT treatment and control). There 

is no significant difference between the two weeks LLLT treatment and the 

control group regarding the root-volume-difference.  

 

 
Null Hypothesis Test Sig. Decision 

The distribution of root volume 
difference is the same across 

categories of LLLT treatment and 
Control groups 

Independent-Samples 
Mann-Whitney U Test 0.093 Retain the null 

hypothesis 

The significant level is 0.05 
Table 35: Mann-Whitney test of RVD between LLLT group and control. 
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Parametric Analyses of the Histomorphometric Data 

The data obtained from the histomorphometric analyses of the first experiment 

had met the statistical assumptions to allow the application of the following 

parametric test. 

 

ANOVA 

In order to test and compare the total cementum thickness in all the treatment 

groups at the same time, one-way ANOVA test was performed with the following 

null hypothesis: 

Ho: the mean amount of total cementum thickness formed by each treatment is the 

same. 

 

Total Cementum thickness 
 Sum of Squares df Mean Square F Sig. 

Between Groups 15897.704 2 7948.852 9.973 .002 

Within Groups 11955.521 15 797.035   

Total 27853.225 17    

Table 36: one-way ANOVA test of total cementum thickness. 
 

One-way ANOVA (Table 36) shows a significant value (p=0.002), which 

indicates strong evidence against the null hypothesis. Therefore, at least one of the 

treatments has a significant effect on the mean amount of cementum formation in 

rat’s dental root surfaces.   
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A multiple comparison test (Table 37) was done for further investigations about 

the effect of the different treatments in the mean amount of cementum thickness 

on rat’s dental root surfaces. In conclusion, two weeks of LLLT treatment had 

significantly increased the amount of cementum thickness on rat’s dental root 

surfaces in comparison to both CsA treatment (p=0.002) and control (p=0.001). 

 

Dependent Variable: Total Cementum thickness  
LSD Test 

(I) Treatment (J) Treatment Mean 
Difference (I-J) 

Std. 
Error 

Sig. 95% Confidence Interval 

Lower Bound Upper Bound 

Control 
CsA -3.304 16.300 .842 -38.046 31.438 

LLLT -64.630 16.300 .001 -99.372 -29.888 

CsA 
Control 3.304 16.300 .842 -31.438 38.046 
LLLT -61.326 16.300 .002 -96.068 -26.584 

LLLT 
Control 64.630 16.300 .001 29.888 99.372 

CsA 61.326 16.300 .002 26.584 96.068 

Table 37 multiple comparisons of total cementum thickness between groups. 
 

On the other hand, there is no difference between the two weeks CsA treatment 

and the control group regarding the cementum thickness on rat’s dental root 

surfaces. It could be concluded that, two weeks of CsA treatment has no 

significant effect on the cementum formation in rat’s dental root surfaces in 

comparison to control group. 
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Extra Analyses of the Second Animal Experiment Results 

The following supplementary statistical tests were performed on the data obtained 

from the micro-CT analyses of the second animal experiment. 

 

Additional Analyses for the Micro-CT Data 

The Paired Samples t-test was consider the appropriate statistical model to 

investigate the effect cementum remodeling on the root resorption caused by 

orthodontic tooth movement (see Results 7.2). However, the violation of 

normality assumption necessitates the performing of the following tests in order to 

validate the results that used in the body of our thesis. 

 

Paired Samples t-test of Log Transformed Data 

 
Figure 29: log-transformed data of total root resorption volume in both treatment groups. 

 
Due to the presence of positive skewness and multiple outliers in total root 

resorption volume data of the Remodeled-Cementum group, a log transformation 

on the raw data was performed. The previous box-plot (Figure 27) compares the 



 

 221 

log-transformed data of total resorption volume of the mesial root, caused by the 

orthodontic tooth movement, between both groups. 

 

Both groups showed considerable enhancement regarding the normality of the 

transformed data, however, the Remodeled-Cementum group still showing 

positive skewness and multiple outliers. Moreover, the Kolmogorov-Smirnov and 

Shapiro-Wilk tests are still showing significant p-values for the Remodeled-

Cementum group (Table 38). 

 Kolmogorov-Smirnov Shapiro-Wilk 

Statistic df Sig. Statistic df Sig. 

log10_Control .193 9 .200 .962 9 .823 

log10_Remodeled Cementum .334 9 .005 .800 9 .021 

Table 38: tests of normality of log-transformed total resorption volume data. 
 

The results of Paired Samples t-tests on the log-transformed data were similar to 

the one on the raw data (Table 39). There is a significant difference (p=0.025) in 

the total amount of root resorption volume caused by orthodontic tooth movement 

between the former LLLT treated roots and control. Therefore, roots that received 

LLLT treatment for two weeks showed significantly less root resorption due to 

the subsequent orthodontic tooth movement when compared with the control. 

 
 

Pair 1 
 

Paired Differences 

t df Sig. 
Mean 

Std. 

Deviation 

Std. 

Error 

Mean 

95% Confidence Interval 

of the Difference 

Lower Upper 

(log10)Control – 

(log10)Remodeled Cement 

.0157 .0172 .0057 .0025 .0289 2.745 8 .025 

Table 39 Paired Samples t-test of log-transformed total resorption volume data. 
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Moreover, two different Paired Samples t-tests (Table 40) showed no significant 

difference on the amount the orthodontically induced resorption volumes when 

comparing the log-transformed data of both roots’ two halves: the mesial-buccal 

(p=0.055) and the distal-lingual (p=0.150) aspects, between the Remodeled-

Cementum group and control. These results were similar to the analyses of the 

raw data.  

 
Paired Differences 

t df 
Sig. (2-

tailed) Mean 
Std. 

Deviation 

Std. 

Error 

Mean 

95% Confidence Interval 

of the Difference 

Lower Upper 

Pair 1 log10_DL_Control - 

log10_DL_Remodeled 
.0058 .0109 .0036 -.0026 .0142 1.592 8 .150 

Pair 2 log10_MB_Control - 

log_MB_Remodeled 
.0106 .0142 .0047 -.0003 .0215 2.245 8 .055 

Table 40 Paired Samples t-test of log-transformed data at mesial-buccal (MB), and distal-

lingual (DL) surfaces. 

 
Non-Parametric Tests 

Due to the presence of positive skewness and multiple outliers in Remodeled-

Cementum group in both raw and log-transformed data, the following non-

parametric test on the raw data was performed. 

 
Null Hypothesis Test Sig. Decision 

The median of differences of total root 
resorption between Control and 

Remodeled Cementum groups equals 0 

Related-Samples 
Wilcoxon Signed 

Rank Test 
0.028 Reject the null 

hypothesis 

The significant level is 0.05 

Table 41 Wilcoxon Signed Rank test of total root resorption volume. 
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Non-parametric Wilcoxon Signed Rank test (Table 41) showed a significant 

difference (p=0.028) in the total amount of root resorption volume caused by 

orthodontic tooth movement between the former LLLT treated roots and control. 

This result was similar to the parametric analyses; therefore, roots that received 

LLLT treatment for two weeks showed significantly less root resorption due to 

the subsequent orthodontic tooth movement when compared with the control. In 

other words, the preexisting root surfaces remodeling caused by two weeks LLLT 

treatment has a significant protective effects against root resorption due to the 

four weeks orthodontic tooth movement. 

 

Moreover, two different non-parametric Wilcoxon Signed Rank tests showed no 

significant difference on the amount the orthodontically induced resorption 

volumes when comparing the Remodeled-Cementum group and control in regard 

to both roots’ two halves: the mesial-buccal (p=0.066) and the distal-lingual 

(p=0.110) aspects, as shown respectively in the following table (Tables 42). These 

results were also similar to the parametric analyses. 

  

Null Hypothesis Test Sig. Decision 

The median of differences of Mesial-
Buccal root resorption between Control 

and Remodeled Cementum groups 
equals 0 

Related-Samples 
Wilcoxon Signed 

Rank Test 
0.066 Retain the null 

hypothesis 

The median of differences of Distal-
Lingual root resorption between 

Control and Remodeled Cementum 
groups equals 0 

Related-Samples 
Wilcoxon Signed 

Rank Test 
0.110 Retain the null 

hypothesis 

The significant level is 0.05 

Table 42 Wilcoxon Signed Rank test of both mesial-buccal and distal-lingual root 

surfaces resorption volume. 


